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Abstract 
 
Successful development of mammalian oocytes, eggs and embryos relies on the 
production of ATP by their mitochondria, through metabolism of pyruvate and fatty 
acids. Imaging of lipid droplets in mammalian eggs has proven difficult due to the 
invasive, unspecific and unquantitative nature of fluorescent lipophilic stains. Here, 
we show that coherent anti-Stokes Raman scattering (CARS) microscopy can be 
used to image lipid droplets in live mouse oocytes and pre-implantation embryos, in 
a label-free, chemically-specific manner. CARS enables visualisation of lipid droplet 
distributions, and quantitation of droplet size, number and spatial distribution, 
notably whilst maintaining their developmental viability. CARS also allows 
examination of the type of lipids comprising lipid droplets, through means of 
hyperspectral imaging. It is shown that the chemical composition of these droplets 
differ in oocytes matured in media supplemented with saturated and unsaturated fatty 
acids. Correlation of CARS measurements with simultaneous two-photon 
fluorescence (TPF) microscopy of conventionally used lipid dyes demonstrates only 
partial correlation, and shows their lack of specificity and unpredictable staining 
patterns. Dynamic monitoring of lipid metabolism in eggs allows determination of 
the extent of fatty acid oxidation occurring in mouse oocytes and embryos. 
Investigation into how inhibition of fatty acid metabolism affects the mitochondrial 
redox state, membrane potential and ATP level allows further understanding of why 
fatty acid metabolism is significant for egg and pre-implantation embryo 
development. Starvation and fatty acid-feeding of oocytes shows that the lipid 
droplet distribution reflects their level of lipid metabolism, while the detrimental 
effects of palmitic acid are shown to involve its action at the endoplasmic reticulum 
SERCA pumps. 
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Chapter 1. Introduction 
 
1.1. Oocyte, Egg and Embryo Development 
 
Oocyte development and growth are crucial steps in foetal development, to create a 
reserve of eggs within the female reproductive organs for later fertility. Meiotic 
oocyte maturation and ovulation in response to hormonal stimuli at puberty begin a 
female’s reproductive period. Development and release of an egg allows fertilisation 
by sperm, and subsequent embryonic development via mitotic cell divisions. 
Throughout this thesis, an ‘oocyte’ is understood to be an immature female gamete, 
whereas, an ‘egg’ refers to the cell in its mature stage. 
 
1.1.1. Follicular Development and Oogenesis 
Gamete development begins as proliferation of germ cell progenitor cells which 
migrate to the developing gonads within the first few weeks of human embryonic 
development and undergo a process known as gametogenesis. Oocytes are produced 
within the developing ovary, in accordance with the inherited XX chromosomes 
conferring female sex, or spermatozoa develop in the developing testes, as dictated 
by the male XY chromosomes. Somatic cells are diploid, with a double set of 
chromosomes, in order to produce two identical daughter cells at mitotic cell 
division. During the cell division of germ cells- known as meiosis- germ cells 
undergo two divisions, with a purpose to produce cells with half the number of 
somatic chromosomes, and half the original and normal amount of nuclear 
information. Thus, upon fusion of the oocyte and sperm at fertilisation, the usual 
diploid number and amount of genetic information (DNA- deoxyribose nucleic acid) 
can be restored before embryonic development begins. During embryonic 
development of the female foetus in the uterus, germ cell development begins in the 
2nd week of pregnancy, whereas meiosis begins nearer the time of birth. 
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The stages of both meiotic divisions (I and II) are similar to that of mitosis. During 
interphase, the DNA in the nucleus is copied to produce two sets of identical 
chromosomes. In the following prophase, these chromosomes condense into 
recognisable X-shaped structures and each pair with their identical sister 
chromosome. The membrane around the nucleus then breaks down, entering meiotic 
metaphase, involving the alignment of chromosomes in their pairs along the meiotic 
spindle, created by microtubules assembling at the edge of the cytoplasm. In 
anaphase, organelles known as centrioles pull the pairs of chromosomes apart to the 
opposite ends of the cell. In Telophase, the chromosomes reach the opposite poles of 
the cell, and an asymmetric division yields a daughter cell and what is known as a 
polar body (PB) both surrounded by the outer protective zona pellucida (ZP), and 
both with a set of DNA. After the second meiotic division, there is one daughter cell 
with two extruded PBs within the perivitelline space, and half of the initial genetic 
information within its newly-formed nucleus due to the lack of a second DNA 
replication phase. Both PBs from the first and second meiotic division are of little 
importance and eventually degrade. 
Flat epithelial cells known as granulosa cells derive from ovarian surface epithelium 
and surround each individual developing oocyte, separating the ovary into subunits 
called follicles. The developing oocytes within the foetal ovarian follicles undergo 
the very first stage of meiosis I in the later stages of foetal development. In most 
animals, they then become arrested at prophase I, with the nuclear membrane intact 
(Sadler, 2004). At this stage, the oocyte is known as an immature oocyte, or 
‘germinal vesicle’ (GV) oocyte, as its nucleolus is contained within a visible vesicle. 
This GV arrest is maintained by a number of cell cycle inhibitors, preventing further 
cell development. 
Within each individual follicle, the GV oocytes are each surrounded by nutritive 
cumulus cells, derived from the somatic granulosa cells of the follicle walls. Gap 
junctions connect the cells, extending from the cytoplasm through the ZP to the 
adjacent cumulus cell cytoplasm. Metabolic processes such as glycolysis occur in 
these cells, providing the developing oocyte with substrates e.g. pyruvate required 
for energy production and maintenance of cell viability (Sadler, 2004; Voronina and 
Wessel, 2003). 
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Prophase I arrest occurs near to the time of birth, and a female is born with her full 
ovarian complement of oocytes (~700,000-2million), all at GV stage. It isn’t until 
puberty that changes start to occur, when only ~400,000 remain (Sadler, 2004). 
 
1.1.2. Oocyte Maturation and Ovulation 
In most mammals, sexual maturity and sexual cycles are governed by 
Gonadotrophin-releasing hormone (GnRH) secreted by the hypothalamus. Once 
puberty is initiated in humans, monthly release of follicle-stimulating hormone 
(FSH) and luteinising hormone (LH) from the anterior pituitary gland located in the 
brain stimulates the development of ovarian follicles, resumption of meiosis I and 
thus the exit of oocytes within the ovary from prophase I (see Fig. 1.1.2.1). Other 
mammals such as rodents, pigs, cows and sheep enter their oestrous phase several 
times a year, often affected by season, their cycles differing in length and the number 
of developing follicles differing with varied litter size. Each cycle, release of FSH 
from the anterior pituitary induces the growth of a number of follicles. Granulosa 
cells secrete oestrogen in order to induce proliferation of the endometrial lining of 
the uterus, and to reduce the amount of mucus surrounding the cervix, in order to 
allow sperm access. Granulosa cells and the oocyte both secrete glycoproteins to 
form the ZP, and fluid begins to fill the spaces between granulosa cells, the primary 
follicle now becoming the secondary follicle. The granulosa cells derive the cumulus 
cells, and the cumulus oocyte complex (COC) is formed, while stromal cells 
surrounding the follicle become secretory thecal cells. Of the several developing 
follicles, only one will reach full maturity, the others rendered useless and 
degenerating. When the secondary follicle reaches maturity, the release of LH ceases 
prophase I arrest, and meiosis I is completed (Sadler, 2004; Downs, 1989). Germinal 
vesicle breakdown (GVBD) occurs to allow for chromosome segregation, and an 
asymmetric division is achieved, where the secondary oocyte receives the majority 
of the cytoplasmic contents, the extruded PB receiving very little (Sadler, 2004; 
Voronina and Wessel, 2003). Once meiosis I is completed, the cell enters the second 
meiotic division. When the developing oocyte reaches metaphase of the second 
meiotic division (MII), it becomes arrested again, once again mediated by cell cycle 
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inhibitors. The timing of oocyte maturation differs greatly between mammalian 
species, from 6-7 hours in most rodents, to 15-20 hours in human, 16-24 hours in 
bovine species, 36-40 hours in porcine species, and as long as 40-48 hours in cats 
(Voronina and Wessel, 2003; Dominko and First, 1997; Sirard et al. 1989; Johnston 
et al. 1989; Hunter, 2000). 
Spontaneous oocyte maturation may also occur in culture if the follicular cells are 
removed, suggesting a responsibility of granulosa cells to provide or maintain the 
cell cycle inhibitors in order to maintain prophase I arrest. The timing of spontaneous 
maturation however is longer than natural hormone-induction (Voronina and Wessel, 
2003). 
It is at the MII stage of development that the egg is ovulated from the ovary, a 
number of hours after undergoing arrest. Only ~400 eggs are ovulated in one human 
reproductive lifetime. The surge of LH also causes ovarian contractions which lead 
to ovulation of the mature egg within its cumulus mass from the ovary and into the 
fallopian tube. The egg is collected from the ovaries by finger-like projections at the 
end of the oviducts, called fimbriae, and then is able to move along the tubes, 
facilitated by cilia lining the epithelium. Once in the fallopian tubes, the egg is 
‘wafted’ down the length of the tubes, where fertilisation by sperm is possible. The 
MII egg is not released from its arrest until egg is activated by fertilisation. 
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Fig.1.1.2.1. Oocyte Maturation within the Ovarian Follicle and Ovulation into 
the Fallopian Tubes 
Immature oocytes develop from precursor cells within the ovarian follicles 
and become arrested at prophase I of the meiotic cell cycle, characterised by 
a nucleolus contained within a germinal vesicle (GV). At puberty, a surge of 
luteinising hormone (LH) initiates GV oocyte maturation to metaphase II (MII) 
of meiosis. Follicle rupture in response to LH causes ovulation of the mature 
MII egg into the fallopian tube. 
 
1.1.3. Fertilisation 
After the egg is ovulated into the oviducts, high levels of LH induce the change of 
the outer thecal cells into a structure called the corpus luteum, which produces 
progesterone in order to maintain the endometrium for later embryo implantation 
(Sadler, 2004). 
Following intercourse, the most successful sperm reach the ampulla of the fallopian 
tubes, where they undergo a process called capacitation. Capacitation involves 
stripping the sperm head of its glycoprotein layer, so that it is able to penetrate the 
mass of cumulus cells surrounding the ovulated egg. Factors in the cumulus mass 
and interactions between the sperm and cumulus cells causes what is known as the 
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acrosome reaction: a number of chemical reactions which lead to the exposure of the 
cap-like acrosome on the sperm head (Sun et al. 2011; Chen et al. 2013). The 
acrosome reaction in mammals allows exposure of the sperm cell surface Izumo1 
protein, which binds to the egg cell surface receptor Juno (Bianchi et al. 2014). After 
binding, enzymes within the sperm head acrosome are released, allowing sperm 
penetration of the ZP to reach the cytoplasmic membrane. This process also causes 
release of enzymes from cortical granules on the surface of the plasma membrane. 
These enzymes work to harden the ZP by changing the extracellular matrix 
conformation, in order to prevent any further sperm fusion and what is known as 
‘polyspermy’. Polyspermy is detrimental to the resulting zygote, as development will 
not continue due to presence of multiple copies of genetic information. The 
mitochondria and DNA contained within the sperm head are released into the egg 
cytoplasm, and the sperm mitochondria are quickly destroyed- by the 4Cell-8Cell 
transition in mice (Sutovsky et al. 1999; Cummins, 2000). Also within the sperm 
contents is the sperm factor Phospholipase C zeta (PLCζ) responsible for egg 
activation (Saunders et al. 2002). PLCζ binds to phosphatidylinositol 4,5 
bisphosphate (PIP2), hydrolysing it to release inositol triphosphate (IP3). IP3 acts 
upon the IP3 receptors on the endoplasmic reticulum (ER) membrane, causing 
calcium (Ca
2+
) release (Swann et al. 2004). A positive feedback mechanism 
mediates the transient increase in IP3 and release of Ca
2+
. The subsequent Ca2+ 
oscillations being responsible for egg activation and resumption of meiosis.  Two 
major protein kinases, MPF (maturation-promoting factor) and mitogen-activated 
protein kinase (MAPK) are thought to be responsible for maintaining MII arrest. 
MPF maintains this arrest through the action of comprising proteins cdk1 and cyclin 
B and its destruction is brought about by the action of Ca
2+
-activated upstream 
promoters. It has been shown that MAPK destruction cannot occur until activity of 
MPF is decreased (Gonzalez-Garcia et al. 2014). Once MAPK levels fall, meiosis II 
is completed, and the two sets of genetic information (both male and female) are 
packaged into what are known as pronuclei (PN). Pronuclear formation marks the 
end of meiosis, and the zygote can enter the somatic cell cycle in order to begin 
embryonic development. 
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If fertilisation does not occur, the ovulated egg usually degenerates within ~24hrs, 
absence of an embryo causing the corpus luteum to degenerate in turn. The reduction 
in progesterone release stimulating shedding of the endometrial uterine lining, and 
initiating menstrual bleeding in humans (Sadler, 2004). 
 
1.1.4. Embryonic Development 
Pronuclei first replicate their DNA before chromosomes align on a mitotic spindle, 
allowing somatic cell division to begin. (see Fig.1.1.4.1.) Cleavage of cells roughly 
every 24 hours as mitosis continues leads to an increase in the number of cells, each 
called blastomeres, while the entire embryo remains the same size. Division of the 
cytoplasmic contents appears to have no bias, uneven cell division indicating lower 
developmental potential (Hardarson et al. 2001). Cells at the 2Cell and 4Cell stage 
are loosely arranged with no interaction between cells. After the third division, 
around the 8Cell stage, the cells undergo a process known as compaction. Cells 
increase their contact with each other, held together by tight junctions, and 
communicate more freely with each other via gap junctions (Sadler, 2004). The next 
divisions yield a compact ball of ~16-32 cells, known as a morula. It is at this stage 
where cells begin to become distinguishable from one another- the inner cells are in 
close contact with communicating gap junctions, whereas the outer cell layers are 
somewhat segregated (Sadler, 2004; Niakan et al. 2012). 
The morula enters the uterine cavity, and cell differentiation occurs with the 
subsequent cell divisions, creating the blastocyst embryo. The inner cells known as 
the inner cell mass (ICM) are a group of pluripotent stem cells, which will go on to 
become the developing foetus (Sadler, 2004; Niakan et al. 2012). The outer cell 
layers flatten and become known as the trophoblast, which develops to form the 
placenta in order to provide an exchange of blood and vital nutrients between the 
mother and foetus. In human, human chorionic gonadotrophin (hCG) is secreted 
from differentiating blastocyst trophectoderm cells, maintaining the corpus luteum so 
that it continues to secrete progesterone in order to maintain the uterine wall, until 
the placenta forms and takes over progesterone secretions. The blastocyst embryo is 
characterised by the appearance of a blastocele- a fluid-filled cavity. The ZP 
detaches from the blastocyst in a process known as ‘blastocyst hatching’, allowing 
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implantation of the embryo into the uterine wall (Sadler, 2004). Foetal development 
follows. 
 
Fig.1.1.4.1. Embryonic Development Following Egg Fertilisation 
Fertilisation of the MII egg by sperm in the fallopian tube completes meiosis, 
pronuclei form and fuse, and the zygote enters the mitotic cell cycle. 
Symmetric division occurs every ~24hrs. At the 8Cell-morula stages ~day 4, 
gap junctions start to form between cells. From ~day 5, cell differentiation 
begins, forming an inner cell mass (ICM) of pluripotent stem cells, which will 
go on to form the foetus, and an outer layer of trophoblast cells, which will 
continue to develop the placenta. At this stage, the embryo is at blastocyst 
stage. The blastocyst embryo hatches from its protective ‘shell’, the zona 
pellucida (ZP), and implants into the mother’s uterus. 
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1.2. Infertility and developmental quality 
 
Infertility is a prevalent issue worldwide. In the UK, 1 in 7 couples has trouble 
conceiving, whether it be due to problems with the female or male gametes, issues 
with the reproductive anatomy itself, or more general problems with the health of the 
individual (official Human Fertilisation and Embryology Association- HFEA 
statistics).  
A globally growing industry is that of assisted reproduction, with over 60,000 
treatments being performed each year in the UK alone (HFEA). Techniques such as 
intra-uterine insemination (IUI), in vitro fertilisation (IVF) and intra-cytoplasmic 
sperm injection (ICSI) are becoming widely available both on the NHS and in 
private fertility clinics, with donor eggs and sperm regularly used to overcome 
certain problems or limitations couples or individuals may face. 
While safe and effective, IVF and other assisted reproductive techniques carry the 
risk of multiple pregnancy, therefore it is often preferred to transfer a single embryo 
to the mother in these methods. However, where age and other factors reduce the 
likelihood of pregnancy with only single embryo transfer, two or three embryos may 
be transferred in one cycle. The danger of multiple pregnancies is a resulting low 
birth weight or premature birth. There is also multiple times higher a risk of death 
before birth if carrying twins (4 times greater) or triplets (7 times greater) (Land and 
Evers, 2003; HFEA). Efforts are made by the UK’s embryology regulatory body (the 
HFEA) to limit the number of assisted fertility-associated multiple pregnancies in 
Britain. Single embryo transfer is currently seen to reduce the number of multiple 
births by 30% (HFEA). 
Other potential risks of fertility treatments include an adverse reaction to the fertility 
drugs and hormones administered. Although these are usually mild, ovarian hyper-
stimulation syndrome is a rare but painful condition that arises in 5% of patients. 
High concentrations of FSH used in superovulation may cause irreparable damage to 
the meiotic spindle, lowering the oocyte’s developmental potential (Li et al. 2013). 
The chances of an ectopic pregnancy are also higher in IVF situations, especially 
when problems reside with the fallopian tubes. It is also argued that birth defects or 
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long-term health issues are more common in assisted fertility (Land and Evers, 
2003). Results of these are inconclusive, as the technique is still relatively new. 
In vitro growth or maturation (IVM) of oocytes collected from the female at the 
immature GV stage also poses the problem that eggs matured in culture have a lower 
developmental potential than those matured in vivo. It is likely that IVM is not 
optimal for subsequent development, and possibly delays the time to MII arrest 
(Rizos et al. 2002, Gilchrist and Thompson, 2007; Hunter, 2000). 
A number of assessments of gamete ‘quality’ are recognised but these are often 
invasive, and impractical in assisted reproduction techniques. Thus, less invasive, 
more informative and highly accurate assessment methods are sought. 
 
1.2.1. Causes of Infertility 
Infertility or subfertility, can occur as a result of many different factors concerning 
both the male and female gametes or reproductive organs, or often a combination of 
these issues.  
Often causes are unidentifiable, but possible reasons for infertility in the female may 
include issues with ovulation itself, whether it be due to insufficient hormone 
production, impaired follicle development or conditions such as polycystic ovary 
syndrome. The maturation environment of oocytes within the ovaries is crucial for 
their successful development. Cumulus-oocyte interactions help maintain oocyte 
quality, while the composition of the follicular fluid such as oxygen (O2) and growth 
factor levels have a significant effect upon the success of development (Gilchrist et 
al. 2008; Van Blerkom et al. 1997; Preis et al. 2007; Sudiman et al. 2014; Richani et 
al. 2014; Preis et al. 2007; Revelli et al. 2009). 
Delayed puberty or the absence of a menstrual cycle may also be a cause. A female’s 
reproductive potential rapidly declines after the age of 35. The primary oocytes 
within the ovary have been dormant at the GV stage up until this point, and though 
eggs may be ovulated and fertilised, they may not reach blastocyst stage. Embryos 
from females of advanced reproductive age frequently present with chromosomal 
and mitochondrial abnormalities, hence the improvement seen with mitochondrial 
transfer (Eichenlaub-Ritter et al. 2003, 2011; Wilding et al. 2001; Nagai et al. 2004). 
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After this stage, menopause may be reached, when ovulation ceases and natural 
conception can no longer occur.  
Damage to or blockages of the fallopian tubes would affect collection of ovulated 
eggs by fimbriae, or it may reduce or prevent the movement of eggs or zygotes along 
the tubes. This would also cause issues with sperm reaching the egg, along with 
potentially hostile cervical mucus through which the sperm cannot penetrate, or 
damages the sperm on entry. Women may even be immune to their partner’s sperm, 
making fertilisation difficult as natural defences attack sperm and kill it before it 
reaches the egg. 
Many issues can occur with fertilisation, resulting in an unsuccessful embryo. 
Polyspermy must be prevented, and successful Ca
2+
 signalling achieved to activate 
the egg. The zygote must then carry out complete nuclear maturation, zygotic 
genome activation (ZGA) and cell division; chromosomal or genetic defects may 
affect transcription and further development. Thus, there are many hurdles at which 
the embryo can fall (Hansen, 2002). Conditions affecting the uterus such as 
endometriosis may prevent implantation of fertilised eggs. A past history of 
gynaecological issues such as ectopic pregnancy or miscarriages, may also make 
becoming pregnant more difficult. Other factors may include medical conditions 
such as diabetes or thyroid problems, and of course lifestyle factors such as stress, 
being overweight or underweight, and smoking influence a patient’s general health 
and ability to conceive. 
 
One third of infertility cases occurs due to issues with the male patient (HFEA). 
Most common are issues with the sperm itself, having a low sperm count or low 
sperm quality, where the morphology is abnormal. This often has repercussions on 
sperm motility, affecting the ability of sperm to reach the ovulated egg. Sperm may 
even not be fully mature by the time they are deposited in the female tract, making 
sperm-egg fusion difficult. Anti-sperm immunity has also been reported in males, 
where an autoimmune response attacks and kills sperm cells, causing infertility. 
Issues with the male reproductive organs may include erectile dysfunction, or 
difficulty ejaculating. Blockage of the vas deferens- the tubes transporting the sperm 
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from the testes to the penis- would also affect sperm deposition. Inflammation or 
infection in the testes, or any of the associated glands, such as the prostate, has 
implications on the quality of the sperm and the environment in which it matures and 
survives. Torsion, or trauma to the testes may not allow sperm transport, or any 
resulting nerve damage could provide issues. Prior infections or diseases, surgery, 
drug treatment, radiotherapy or current medical conditions such as diabetes may all 
influence fertility potential. 
Insufficient hormone production in either the hypothalamus or pituitary may also be 
a factor. If fertilisation is successful, male genetic or chromosomal defects could 
cause the zygote to arrest in development. Furthermore, absence or presence of a 
defective version of the male sperm factor (PLCζ) may be responsible for a lack of 
egg activation. 
As in females, lifestyle factors such as smoking, weight or contact with chemicals or 
radiation also affect sperm quality. Paternal obesity has been linked to decreased 
development to blastocyst (Fullston et al. 2012; Hassan et al. 2010). It is thought that 
male fertility also decreases with age, however, this decline is not as sharp as seen in 
females and the extent is not clear. 
 
1.2.2. Assisted Reproductive Techniques 
Intra-uterine insemination (IUI) involves the introduction of sperm directly into the 
uterus in order to maximise the number of sperm accessing the fallopian tubes. This 
method overcomes minor male fertility problems such as insufficient ejaculation, a 
low sperm motility, and bypasses any issues usually encountered within the female 
tract e.g. impenetrable cervical mucus. It is also used in cases where vaginal 
intercourse is difficult, or where sperm can undergo ‘washing’ to reduce the 
likelihood of transmission of certain infections e.g. HIV. IUI may also be used where 
donor sperm is required for insemination. 
IUI can only be performed if the female has no problems with her fallopian tubes, as 
the sperm must be able to freely reach the ampullary region. 
The risks involved in this method are few, but there is always a small risk of adverse 
reactions to the superovulatory hormones often used, and the risk of multiple 
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pregnancy is high. The success of IUI is dependent on the absence of any other 
problems which may cause subfertility, the highest live birth outcome currently 
standing at ~16% in women under 35 (official HFEA statistics). 
 
The most common fertility treatment available is in vitro fertilisation (IVF). 
Described by Edwards et al. (1980), IVF involves introducing sperm to the egg in a 
small drop of media outside of the body in a culture dish, overcoming the obstacles 
sperm usually require to reach the egg in the fallopian tubes and maximising the 
chance of sperm-egg fusion and thus fertilisation. Fertilised eggs are then cultured 
and monitored throughout embryonic development until a stage where they can be 
transferred to the uterus for implantation and foetal development. IVF is used if there 
are male issues with sperm count or motility, but these are not severe enough to 
hinder sperm fusion with the egg (Cohen et al. 1985). Female problems such as 
blockage of the fallopian tubes, or obstacles within the female tract are also 
overcome. IVF is also used in cases of use of donor sperm, or using frozen sperm or 
eggs which have been harvested at an earlier stage. Another advantage of IVF is to 
avoid transmission of genetic diseases, by genetic screening of blastomeres before 
embryo transfer. 
 
Intra-cytoplasmic sperm injection (ICSI) is also a common technique used in assisted 
reproduction, comprising 53% treatments (Yoshida and Perry, 2007; HFEA). It is the 
introduction of the sperm head directly to the cytoplasm of the unfertilised egg, in 
order to overcome issues with sperm morphology, motility or sperm-egg fusion. It is 
also used if sperm must be surgically removed from the testis epididymis. ICSI 
carries some risks, more so than IVF, as it involves handling and injection of the 
egg, which may cause damage (Dumoulin et al. 2001). 
The success rates (treatments resulting in live birth) of IVF and ICSI are currently 
around 32% in women under 35, dropping to below 13% in women over 40, and 
only 2% in women over 45 (official HFEA statistics). 
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A newly-established technique sometimes known as mitochondrial replacement 
therapy (MRT) is soon to be available in the UK, and involves mitochondrial 
donation to overcome inherited mitochondrial diseases (Craven et al. 2010). In this 
technique, the mother’s egg and the donor’s egg are fertilised with the sperm of the 
desired father, then the pronuclei are transferred from the mother’s zygote to the 
cytoplasm of the donor zygote which has had its pronuclei removed. The donated 
egg with its undamaged mitochondria will improve the chances of a successful 
pregnancy. 
 
1.2.3. Assessment of oocyte, egg and embryo quality 
Assessing the quality of an oocyte, egg or embryo can be difficult, as no one way is 
proven or seen to be the best measure of developmental potential. In clinical and 
laboratory situations, eggs and embryos are generally assessed by their morphology, 
as the appearance of the cells and their characteristics can be an indication of their 
developmental health. 
Immature oocytes can often be assessed by their morphology, as a large perivitelline 
space and irregular shape can be indicative that the oocyte isn’t quite ‘healthy’. A 
centrally positioned GV is thought to confer indications of developmental potential 
(Brunet and Maro, 2007; Bellone et al. 2009). Meanwhile, another widely 
investigated phenomenon is nuclear chromatin localisation around the nucleus. 
Oocytes whose chromatin neatly surrounds the nucleolus (SN) in a ring, are found to 
be more likely to mature, fertilise and develop to blastocyst, possibly due to the fact 
that maternal transcription is higher in SN oocytes until after meiotic division. 
Conversely, oocytes with chromatin in a ‘messy’, more diffuse arrangement, not 
surrounding the nucleolus (NSN) are thought to be of lower quality and have a lesser 
developmental potential (Christians et al. 1999). That being said, live and healthy 
offspring are yielded from such oocytes. 
It is thought that granulosa cells have an effect on chromatin conformation, 
repressing transcription in order to maintain a SN configuration (Zuccotti et al. 2002; 
Christians et al. 1999; De La Fuente and Eppig, 2001). Thus, the presence of 
cumulus cells is likely to increase oocyte cell quality.  
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Fig.1.2.3.1. Examples of ‘Good’ versus ‘Bad’ Morphology Oocytes 
(A) An example of what is considered to be a ‘good’ morphology oocyte: 
spherical in shape, with no perivitelline space; (B) an example of a ‘bad’ 
morphology oocyte: not spherical, with large gaps in the perivitelline space. 
Scale bars represent 10µm. 
 
 
The morphology of mature eggs is also an indicative feature. Again, the presence of 
a large perivitelline space is suggestive of a lower quality egg. The presence of the 
MII spindle is essential for further development, and the appearance of the 
cytoplasm itself is thought to be informative. It is thought that a darker, more 
granular cytoplasm is apparent in eggs of lower quality in multiple species (Xia, 
1997; Bilodeau-Goeseels and Panich, 2002; Ebner et al. 2001). Assessing the 
presence and morphology of the PB is a controversial method of quality assessment. 
It is thought that an intact PB is better for development, and a PB that has begun to 
degenerate or fragment indicates a lower quality (Rose and Laky, 2013). However, 
this is countered by alternative studies which argue that the PB has no effect on 
subsequent development (Ciotti et al. 2004, Verlinsky et al. 2003). 
 
Embryos tend to be assessed in assisted reproduction techniques (ART) also by their 
general morphology, and the lack of fragmentation. It is assumed that those embryos 
with symmetric, healthy-looking blastomeres are of better quality and more likely to 
develop to blastocyst or further. Those that have reached blastocyst are assessed by 
confirming the presence of the blastocele, the ICM and the outer trophoblast layer 
(Gardner et al. 2000). The timing of embryonic cell divisions is also closely 
A B 
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monitored, as it is thought that inappropriate and asynchronous cleavage timing also 
gives warning signs about an embryo’s health (Ajduk and Zernicka-Goetz, 2012). 
Pre-implantation genetic screening (PGS) or diagnosis (PGD) is a technique where 
blastomeres can be extracted from developing embryos without causing any 
detriment to development, in order to genetically screen embryos for chromosomal 
abnormalities or inheritable disorders (Ajduk and Zernicka-Goetz, 2012). While 
PGD is intended to decrease the likelihood of passing on specific genetic mutations 
to future offspring, PGS is designed to improve ART outcomes in aged mothers, 
whose embryos are more likely to suffer from chromosomal abnormalities or 
aneuploidy. 
 
Biochemical markers of egg and embryo health are also often investigated. Although 
the egg or embryo itself cannot be stained for markers in a clinical situation, the 
follicular fluid from the egg collection, or the media used for cell culture can be 
tested for certain factors that will aid or impair development. Techniques for 
metabolic profiling include gas chromatography, mass spectrometry, and nuclear 
magnetic resonance spectroscopy. Metabolic profiling of follicular fluid composition 
can give indications as to the exposure of the developing oocyte to metabolites 
critical or detrimental to their growth within the ovary (O’Gorman et al. 2013). 
Culture fluid can be measured before and after culture, for the use or production of 
metabolites such as O2 and nutrient uptake, to allow assessment of the 
developmental state of the egg or embryo, as metabolism can be significant as a 
marker of developmental potential (Collado-Fernandez et al. 2012; Ajduk and 
Zernicka-Goetz, 2012).  
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1.3. Metabolism in eggs and embryos 
 
Until glycolysis commencement at the blastocyst embryo stage, the metabolism of 
mammalian oocytes and pre-implantation embryos is critically dependent upon 
oxidative phosphorylation in the ~100,000 mitochondria (Acton et al. 2004). 
Metabolic substrates in the oocyte or embryo’s developmental environment provide 
a source for the oxidative metabolism in the mitochondria. Pyruvate is commonly 
thought to be the primary source of energy production in species such as mouse and 
human. However, fatty acids (FAs) have recently been suggested as an important 
alternative substrate for oxidative phosphorylation in many species. Metabolism of 
FAs is a significant energy source for mitochondria in oocytes of domesticated 
animals, such as pigs, sheep, cats, dogs and cows, that contain very large lipid 
droplets (LDs) (McEvoy et al. 2000). FA metabolism appears to be essential for 
preimplantation development in all mammalian embryos including those with less 
lipid content (Downs et al. 2009; Dunning et al. 2010).  
 
1.3.1. Mitochondria  
Mitochondria are the most abundant organelles in the mammalian oocyte and 
embryo, responsible for energy production in the form of adenosine triphosphate 
(ATP) within the cells (Van Blerkom, 2004). Typically, mitochondria are oval or 
rod-shaped structures, separated from the cytoplasm by a smooth outer membrane 
(outer mitochondrial membrane- OMM) and an inner membrane (IMM) dense with 
protein, with invaginations called cristae. The innermost part of the mitochondria is 
the mitochondrial matrix (see Fig.1.3.1.1.). In the mammalian egg however, the 
mitochondria are characteristically more spherical to oval, with very few, irregular 
cristae (Sananthan and Trouson, 2000). Within the egg, >100,000 mitochondria 
exist, approximately 0.3-0.5µm in diameter, and their morphology remains constant 
throughout fertilisation and preimplantation development (Sananthan and Trouson, 
2000). Taking up ~30% of the cytoplasm, the distribution of these organelles, 
however, changes throughout development. They move within the cell, thought to be 
governed by remodelling of microfilaments (Yu et al. 2010), and they can fuse to 
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form networks. In a number of mammalian species, redistribution of mitochondria is 
described throughout development (Sun et al. 2001; Bavister and Squirrell, 2000; Yu 
et al. 2010). At immature stages, mitochondria are accumulated around the GV, and 
as maturation ensues, they disperse to a more homogenous distribution throughout 
the cytoplasm. Effective achievement of this process is thought to yield more 
successful development to MII, and beyond to blastocyst stage (Stojkovic et al. 
2001). 
Mitochondria also contain their own DNA and ribosomes for protein synthesis, 
contained within the mitochondrial matrix. Thought to be of bacterial origin due to 
the circular nature, the mitochondrial DNA (MtDNA) possesses 37 genes, encoding 
24 RNAs and 13 proteins essential for mitochondrial function (Anderson et al. 
1981). All other mitochondrial proteins are encoded by the nucleus; thus 
mitochondria would not survive outside of the host cell. 
After ovulation, eggs no longer receive ATP or substrate provision from cumulus 
cells, thus the cells rely solely on their mitochondria to supply the energy demands 
of development until implantation of the blastocyst stage embryo.  
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Fig.1.3.1.1. Structure of Mitochondria within the Mammalian Egg 
Mitochondria are organelles with a double membrane, responsible for energy 
production in the form of ATP. Mammalian egg and embryo mitochondria are 
unusual in that they have very few invaginations of the protein-rich inner 
membrane (cristae). The dense mitochondrial matrix is where vital chemical 
reactions take place. Mitochondrial DNA and associated ribosomes present 
in the matrix are responsible for manufacture of proteins within the inner 
mitochondrial membrane (IMM). 
 
1.3.2. Metabolic Substrates 
Successful development of mammalian oocytes and early embryos depends on the 
generation of sufficient ATP by their abundant mitochondria. Glycolysis is inactive 
in the mouse oocyte and subsequent developmental stages, until the blastocyst 
embryo stage (Krisher & Bavister, 1998; Downs 1995; Harris et al. 2009; Barbehenn 
et al. 1974). Within its ovarian follicle, the immature GV oocyte is surrounded by 
nutritive cumulus cells performing metabolism of various substrates such as glucose, 
which supply substrates and ATP to the oocyte via gap junctions (Downs, 1995; 
Sutton-McDowall et al. 2010; Collado-Fernandez et al. 2012). The oocyte can also 
take up nutrients directly from the follicular fluid, receiving metabolic molecules 
from the blood plasma. MII eggs and developing early embryos must use their 
internal supply of metabolic substrates once ovulated, but this is not sufficient to 
allow for full-term development, so they may also take up certain substrates from 
fluid within the uterine tubes (Collado-Fernandez et al. 2012). 
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The two main substrates thought to be metabolised by mitochondria in mammalian 
eggs and embryos are pyruvate and fatty acids. Pyruvate (C3H4O3) is a carbon-rich 
derivative of glucose, readily metabolised by mitochondria to yield ~30 ATP 
molecules. It is thought that pyruvate is used as a primary energy source for 
developing mouse and human eggs or embryos (Dunning et al. 2011; Dumollard et 
al. 2008; Collado-Fernandez et al. 2012; Leese, 2002). In cell culture, pyruvate is 
included in cell culture media at ~0.2mM and is vital for in vitro egg and embryo 
development. Pyruvate is transported into the mitochondrial matrix via 
monocarboxylate transporters (MCTs) (Garcia et al. 1994), and undergoes 
decarboxylation by the pyruvate dehydrogenase complex (PDH) in order to yield 2-
carbon acetyl co-enzyme A (CoA) and carbon dioxide (CO2), along with 
mitochondrial co-factor, reduced nicotinamide adenine dinucleotide (NADH). 
Pyruvate in the mitochondria may also undergo carboxylation by pyruvate 
carboxylase to produce 4-carbon oxaloacetate (see Fig.1.3.2.2.) (Downs and 
Mastropolo, 1994; Dumollard et al. 2004; Schell and Rutter, 2013; Sugden and 
Holness, 2011). 
FAs are also carbon-dense molecules which are highly energy-rich, generating a 
large amount of ATP per molecule (~106 ATP molecules). Thus, they are a valuable 
substrate for the developing egg or embryo. FAs are made up of a carboxylic acid 
with a long saturated or unsaturated aliphatic chain (see Fig. 1.3.2.1.). The majority 
of fatty acids are esterified to a glycerol molecule and stored within the cell 
cytoplasm as neutral triglycerides, or triacylglycerols (TAGs) within hydrophobic 
vesicles known as LDs (Ambruosi et al. 2009; Dunning et al. 2011). FAs not 
contained within LDs are known as non-esterified FAs (NEFAs) or free FAs (FFAs) 
which are located freely in the cytoplasm. Fatty acids are often referred to by the 
number n of carbon atoms making up their chain and the number m of carbon-carbon 
double bonds present, using the notation (n:m). Saturated fatty acids contain no 
double bonds, while unsaturated fatty acids contain double bonds, and can be mono-
unsaturated (with one double bond), or poly-unsaturated (with multiple double 
bonds). The fatty acids most commonly found in mammalian eggs and embryos are 
saturated palmitic (16:0) and stearic (18:0) acids, and mono-unsaturated oleic (18:1) 
acid (McEvoy et al. 2000). 
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Fig.1.3.2.1. Structure of Fatty Acids and Triacylglyerols 
(A) Fatty acids comprise of a carboxylic acid (COOH) with a long aliphatic 
chain (CH2
n) with an equal number (n= 4-28) of carbon atoms, and a methyl 
group (CH3). Saturated fatty acids contain no carbon-carbon double bonds 
(C=C), whereas monounsaturated fatty acids contain one double bond, and 
poly-unsaturated fatty acids contain multiple double bonds. (B) 
Triacylglycerols (TAGs) are neutral lipids composed of three fatty acid chains 
esterified (COO-) to a glycerol backbone. 
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Fatty acids are liberated from LDs by lipolysis via lipase enzymes, breaking TAGs 
down into glycerol and three fatty acyl-CoA chains. These chains are transported to 
the mitochondria to undergo the process of fatty acid metabolism, known as β-
oxidation (see Fig.1.3.2.2.). The process of β-oxidation begins with uptake of fatty 
acids into the mitochondria themselves, via L-carnitine transport. L-carnitine exists 
in the cytoplasm, outside the mitochondria, in order to transport fatty acids into the 
mitochondrial matrix. L-carnitine replaces CoA in liberated fatty acyl-coAs and 
binds to proteins called Carnitine palmitoyl transferases (CPTs) on the inner and 
outer mitochondrial membranes (Dunning et al. 2010; Sturmey et al. 2009). CPTs 
shuttle the fatty acyl-carnitine molecules into the matrix. Once inside the 
mitochondria, the role of L-carnitine is to release the fatty acyl chains, and bind 
excess acetyl CoA to transport it back into the cytoplasm. Fatty acyl chains are once 
again bound to CoA, and undergo oxidation by acyl-CoA dehydrogenase, producing 
mitochondrial co-factor, reduced flavin adenine dinucleotide (FADH2). The 
molecule is then hydrated by H2O addition, and undergoes further oxidation via β-
hydroxyacyl-CoA dehydrogenase. Finally, thiolytic cleavage produces a 2-carbon 
molecule of acetyl CoA and a shorter fatty acyl-CoA which will undergo the above 
oxidation steps again (see Fig.1.3.2.2.). This cycle continues until the fatty acyl chain 
is completely oxidised, one fatty acid yielding half the number of acetyl CoA 
molecules as carbons in its acyl chain.  
 
Alongside fatty acids and pyruvate, it is understood that amino acid glutamine also 
contributes to the promotion of egg and embryo metabolism, as it contributes to the 
production of 5-carbon α-ketoglutarate (Rieger, 1992). However, it has been shown 
that glutamine cannot support the production of ATP in the zygote (Dumollard et al. 
2008). 
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Fig.1.3.2.2. Oxidation Pathways of Common Metabolic Substrates 
Pyruvate is taken up into the oocyte mitochondria via membrane-bound 
mono-carboxylate transporters (MCTs), before undergoing decarboxylation 
by the pyruvate dehydrogenase (PDH) complex to yield Acetyl co-A and 
mitochondrial co-factor NADH, or carboxylation by pyruvate carboxylase to 
produce oxaloacetate. L-carnitine replaces CoA in cytoplasmic fatty acyl-
coAs, binds to mitochondrial membrane carnitine palmitoyl transferases 
(CPTs) in order to shuttle the fatty acyl-carnitine molecules into the matrix. L-
carnitine releases the fatty acyl chains and bind excess acetyl CoA to 
transport it back into the cytoplasm. Fatty acyl chains are once again bound 
to CoA, and undergo oxidation by Acyl-CoA dehydrogenase, producing 
mitochondrial co-factor FADH2. The molecule is then hydrated by H2O 
addition, and undergoes further oxidation via β-hydroxyacyl-CoA 
dehydrogenase. Finally, thiolytic cleavage produces a 2-carbon molecule of 
acetyl CoA and a shorter fatty acyl-CoA which will undergo the above 
oxidation steps again.  
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1.3.3. The TCA Cycle and Oxidative Phosphorylation 
Acetyl CoA derived from oxidation of pyruvate and FAs is a molecule composed of 
a carboxyl group (CH3) attached to a carbonyl (C=O) (acetyl) and β-
mercaptoethylamine linked to pantothenic acid (CoA). It is metabolised in what is 
known as The Citric Acid cycle (TCA cycle). Also known as the Kreb’s cycle or the 
tri-carboxylic acid cycle, TCA cycle is a series of chemical reactions occurring in the 
matrix of the mitochondria, producing vital components of the working cell (see 
Fig.1.3.3.1.). 
Acetyl CoA enters the TCA cycle by combining with the 4-carbon TCA cycle 
product, oxaloacetate, in order to produce a 6-carbon citrate molecule. The following 
chemical reactions are carried out by various enzymes, and are a number of 
oxidation (dehydrogenation) steps in order to liberate hydrogen atoms for the 
subsequent steps of ATP production. Mitochondrial co-factors, nicotinamide adenine 
dinucleotide (NAD
+
) and flavin adenine dinucleotide (FAD
++
) accept liberated 
hydrogen, becoming reduced to NADH and FADH2, respectively. Citrate undergoes 
enzymatic action of isocitrate dehydrogenase. This produces one molecule of NADH 
and one proton (H
+
), and citrate loses a carbon as CO2 is given off as a waste 
product, becoming α-ketoglutarate (a 5-carbon molecule). α-ketoglutarate 
dehydrogenase also creates one molecule of NADH and a H
+
, and CO2 in order to 
produce succinate (4-carbon). IMM-bound Succinate dehydrogenase transfers two 
hydrogen atoms (H2) to FAD
++
, in order to produce FADH2 and fumarate (4-carbon). 
Fumarate is then hydrated with water (H2O) to become malate (4-carbon), which is 
then oxidised by malate dehydrogenase to produce further NADH, and oxaloacetate 
(4-carbon), allowing the cycle to begin again (Downs and Mastropolo, 1994; 
Dumollard et al. 2004). 
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Fig.1.3.3.1. The Citric Acid Cycle 
The Citric Acid Cycle is a cyclical series of oxidative reactions within the 
mitochondrial matrix, combining 2-carbon (2C) acetyl coA from substrate 
metabolism with 4-carbon (4C) oxaloacetate in order to produce citrate (6C). 
Oxidation of citrate by isocitrate dehydrogenase produces α-ketoglutarate 
(5C), CO2 as a biproduct, and reduces mitochondrial co-factor NAD
+ to 
NADH enabling it to act as an electron carrier. α-ketoglutarate is oxidised to  
succinate (4C), producing CO2 and also reducing NAD
+. Succinate 
dehydrogenase in the inner mitochondrial membrane removes H2 from 
succinate to create fumarate (4C), reducing co-factor FAD++ to FADH2. 
Hydration of fumarate produces malate (4C), which undergoes oxidation to 
produce further NADH and oxaloacetate, allowing the cycle to continue. 
Pyruvate may also undergo decarboxylation to produce oxaloacetate. 
 
 
 
 
26 
 
Reduced NADH and FADH produced from reactions of the TCA cycle are able to 
undergo oxidation in order to liberate hydrogen. H atoms released from FADH2 and 
NADH and are split into protons (H
+
) and electrons (e
-
). Free protons within the 
mitochondrial matrix are then transported across the IMM into the inter-membrane 
space in order to fuel the Electron Transport Chain (ETC). The ETC consists of a 
number of membrane-bound complexes on the IMM, which transfer e
-
 between them 
and to the final acceptor, O2 with the ultimate goal of producing ATP (see 
Fig.1.3.3.2.).  
Electrons from NADH enter the ETC at Complex I (CI), known as NADH reductase. 
CI pumps 4H
+
 from the mitochondrial matrix into the intermembrane space, while 
transferring 2e
-
 to mitochondrial co-factor, ubiquinone. Electrons from FADH2
 
enter 
the ETC at Complex II (CII), which is seen in the TCA cycle as succinate 
dehydrogenase. CII does not pump H
+
 across the IMM, instead transferring 2e
- 
to 
ubiquinone, which carries 4e
-
 to Complex III (CIII). CIII, the Cytochrome b-c 
complex, transports 4H
+ 
into the intermembrane space while transferring 2e
-
 to 
mitochondrial membrane protein, cytochrome c. Cytochrome c delivers these e
-
 to 
Complex IV (CIV), cytochrome oxidase, which transports 2H
+
 from the matrix, and 
combines 2e
-
 with an oxygen atom. H
+
 pumped across the IMM generates a chemical 
gradient, which forms the mitochondrial membrane potential (MMP), an electrical 
gradient across the mitochondrial IMM due to the difference in charge of the 
intermembrane space and the mitochondrial matrix. Under normal cellular 
conditions, the MMP is -150mV negative to the cytosol. The MMP in turn, along 
with the existing pH (chemical) gradient creates an electrochemical proton-motive 
force, and H
+
 flow back into the more negative mitochondrial matrix through 
Complex V (ATP synthase) (Perry et al. 2011). This generates ATP by the reduction 
of O2 to H2O and the phosphorylation of adenosine diphosphate (ADP) in a process 
known as oxidative phosphorylation (see Figs.1.3.3.2. and 1.3.3.3.).  
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Fig.1.3.3.2. The Electron Transport Chain 
Electron carriers NADH and FADH2 release their hydrogens which dissociate 
into their comprising electrons (e-) and protons (H+). The electron transport 
chain is comprised of a number of protein complexes embedded in the inner 
mitochondrial membrane (IMM). Complex I accepts e- from NADH, and 
passes them to co-factor ubiquinone (Q), meanwhile, it pumps 4H+ from the 
matrix into the intermembrane space. Complex II accepts e-  from FADH2, 
also passing these to Q. Q passes these 4e- to Complex III which transports 
4H+ across the IMM and passes 2e- via membrane protein cytochrome c (C) 
to Complex IV, which shuttles 2H+ across the IMM. Transfer of e- from 
Complex IV to an oxygen atom causes a proton-motive force, inducing 
Complex V to pump 6H+ from the intermembrane space back into the matrix, 
fuelling reduction of O2 to H2O, and phosphorylation of ADP to create much-
needed energy in the form of ATP.  
 
 
The rate of NADH and FADH2
 
generation by the TCA must equal the rate of e
-
 
transfer along the ETC in order to maintain the driving force, the redox potential, for 
oxidative phosphorylation and ATP production. The redox potential can be described 
by the ratios of reduced NADH or FADH2 to their oxidised forms, NAD
+
 and 
FAD
++
, respectively, and it is possible that this can be used as a measure of egg or 
embryo developmental potential, by its indication of the level of metabolic activity. 
The rate of pyruvate and fatty acid uptake and metabolism in developing mammalian 
embryos in vitro has been extensively investigated, along with redox potential, 
amino acid metabolism and O2 consumption (Harris et al. 2009; Brison et al. 2004; 
Dumollard et al. 2007). Leese (2002, 2007) describes the ‘quiet embryo hypothesis’, 
suggesting that a ‘quieter’ metabolism expends less energy repairing cellular 
damage, and that an active metabolic level leads to the production of reactive oxygen 
species (ROS) with subsequent harmful effects. A high supply of substrates and an 
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increase in respiration may hyperpolarise the MMP, causing H
+
 to be pumped back 
into the mitochondrial matrix. This results in a saturated level of reduced NADH and 
FADH2 meaning free e
-
 and oxygen can form ROS, highly reactive molecules able to 
cause damage to numerous cellular components. It is thought that sub-optimal 
metabolic activity causes depolarisation of the MMP, increasing the amount of H
+
 in 
the intermembrane space, and yields insufficient ATP for adequate development.  
Mitochondrial activity can be assessed by measurement of such factors as the MMP, 
ATP production and redox potential. Fluorescent MMP dyes are usually cationic 
compounds that are sequestered into mitochondria, dependent on the level of 
membrane polarisation, and subsequently quenched, allowing assessment of the 
effect of various conditions on the proficiency of the mitochondria to produce ATP 
(Perry et al. 2011). Luminescence imaging can be used as an assay of ATP 
production. The action of luciferase upon luciferin produces luminescence in the 
presence of ATP, and has been previously used to measure mitochondrial activity in 
eggs (Saunders et al. 2002; Campbell and Swann, 2006; Dumollard et al. 2008). 
Alternatively, NADH and FAD
++
 emit autofluorescence, in the blue (460nm) and 
green (535nm), respectively. This can be exploited as performed by Dumollard et al. 
(2007), to allow the assessment of redox state and potentially developmental 
assessment, through fluorescence imaging. 
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Fig.1.3.3.3. The Oxidation of Common Substrates in Order to Produce ATP 
Oxidation of fatty acids and pyruvate fuels the TCA cycle, which transfers 
electrons to the ETC in order to produce ATP. 
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1.4. Lipid Droplet Biology 
 
LDs are dynamic intracellular organelles present in most cell types, with a wide 
range of roles including lipid storage for later ATP synthesis, and membrane 
maintenance. They are cytoplasmic vesicles generally composed of a neutral TAG 
core, surrounded by a single phospholipid layer, with multiple protein interactions. 
Many hydrophobic TAGs aggregate within these droplets, shielded from the 
cytoplasm by the phospholipid monolayer. The number and size of LDs depends on 
the cell type and species, some being as small as a few hundred nanometres in 
diameter, some growing to a size of ~100µm in adipocyte cells (Walther and Farese, 
2012). The composition of these dynamic organelles differs greatly between cell 
types, the lipid content and protein inclusions reflecting its role and the present 
cellular functions (Thiele and Spandl, 2008; Walther and Farese, 2012; Wilfling et 
al. 2014). 
The process of LD formation is still mostly unclear, but a number of models have 
been suggested, from de novo synthesis at the ER to fission of existing droplets. The 
most widely accepted method of LD growth is fusion of existing droplets, or 
expansion via synthesis of new TAGs either at the LD surface, or transferred from 
synthesis at the ER. Fusion events are rare but may occur under specific conditions 
within the cell (Thiele and Spandl, 2008; Walther and Farese, 2012; Wilfling et al. 
2014). Conversely, LD degradation occurs in the form of lipolysis. TAG metabolism 
by lipase enzymes liberates fatty acids for metabolism (Thiele and Spandl, 2008; 
Walther and Farese, 2012). 
 
1.4.1. Lipid Droplet Formation 
Theories of LD formation are few, but it is not yet completely clear which is the 
primary method of storing lipids in these intracellular vesicles. The most probable 
and widely accepted method, is the notion of de novo synthesis. Neutral lipids are 
synthesised by the action of enzymes localised at the ER, joining free fatty acyl 
chains (fatty acids) to glycerol to make TAGs. It is thought that these newly 
synthesised TAGs then accumulate within the bilayer membrane of the ER, forming 
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a bulge in the membrane that becomes unstable and buds off as a new LD (see Fig. 
1.4.1.1 (A) i.) (Wilfling et al. 2014; Thiel and Spandl, 2008; Kohlwein et al. 2013). 
This method explains the presence of a monolayer membrane surrounding the LD. 
Other theories suggest that LDs form at the surface of the ER, as an out-budding of 
both layers of the ER membrane, before the membrane encloses them to form the LD 
(see Fig. 1.4.1.1 (A) ii. and iii.) (Thiel and Spandl, 2008; Walther and Farese, 2012; 
Kohlwein et al. 2013). This method would explain the presence of ER membrane 
proteins within LD monolayers (Fujimoto and Parton, 2011). Fission of existing LDs 
is also suggested as a method of LD formation, however this is only likely during 
LD breakdown (lipolysis), due to increased monolayer fluidity, and has only been 
observed in yeast (Thiam et al. 2013; Wilfling et al. 2014). Thiele and Spandl (2008) 
do not believe LD formation through fission is probable. 
There is also a chance that LDs could form via pinocytosis, where lipid is 
transported into the cell, and vesicles are formed at the cell membrane. It is highly 
difficult to determine which of these theories is correct. Imaging the process of LD 
formation at this scale is very difficult, as it is likely that these newly-formed LDs 
are below optical resolution (i.e.  < 200nm). LD growth is responsible for their usual 
size within the cytoplasm, so theories are mostly speculative (Wilfling et al. 2014; 
Walther and Farese, 2012). 
 
1.4.2. Lipid Droplet Growth and Fusion 
Growth of LDs after they are newly formed or during cellular processes, is thought 
to occur through coalescence of existing droplets, and recruitment of free fatty acids 
for lipid synthesis at the LD surface. It is generally understood that LD growth is an 
active mechanism and does not occur spontaneously, likely to be a method of storing 
surplus lipid, or a protective mechanism to prevent lipotoxicity (Fujimoto and 
Parton, 2011; Walther and Farese, 2012). It is certainly found that proteins involved 
in TAG synthesis are expressed at the LD surface, especially during lipid loading 
(Walther and Farese, 2012; Wilfling et al.  2013). For example, feeding cells with 
oleic acid leads to LD formation, possibly in an attempt to minimise the number of 
free fatty acids in the cytoplasm (Walther and Farese, 2012). LDs are thought to 
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closely associate with the ER for availability of enzymes for lipid synthesis and 
accumulation of newly-synthesised TAGs and phospholipids (see Fig. 1.4.1.1 (B) i.) 
(Wilfling et al. 2014; Yang et al. 2012). Conversely, newly-synthesised lipids may 
be transported to LDs, but evidence of this is lacking (see Fig. 1.4.1.1 (B) ii.) 
(Walther and Farese, 2012). It is currently unclear whether with increased lipid 
synthesis, LDs get larger, or more LDs form (Wilfling et al. 2014; Yang et al. 2012) 
 
Although fusion events are rare, mechanisms are in place in many cell types 
allowing the coalescence of LDs, possibly to reduce lipotoxicity and increase lipid 
storage (Yang et al. 2012; Thiele and Spandl, 2008; Walther and Farese, 2012; 
Wilfling et al. 2014). Murphy et al. (2010) describe the fusion of homotypic LDs, 
suggesting that monolayer membranes fuse very quickly, followed by a slower 
transfer of lipid contents. The phospholipids making up the LD membranes are 
thought to be involved in stabilisation of LDs under normal conditions, and 
destabilisation of LDs for fusion to occur (Thiam et al. 2013; Yang et al. 2012; 
Walther and Farese, 2012). A higher concentration of phospholipid phosphatidyl 
choline is present in more stable LDs, whereas, fusogenic phosphatidic acid is 
present at a higher concentration in LDs able to fuse (Yang et al. 2012; Walther and 
Farese, 2012). Fat-specific protein (Fsp27) is seen to be abundant at LD-LD contact 
sites (Gong et al. 2011), while SNARE (soluble N-ethylmaleimide-sensitive factor 
attachment receptor) proteins binding ATPases are also thought to promote LD 
fusion (see Fig. 1.4.1.1 (B) iii.) (Yang et al. 2012; Bostrom et al. 2007). 
It is thought that clustering of LDs may precede fusion, with the involvement of LD-
associated proteins such as perilipin1 and seipin (Yang et al. 2012; Walther and 
Farese, 2012; Martin and Parton, 2006).  The movement and remodelling of LDs is 
thought to be microtubule-dependent, combined with action of actomyosin 
complexes (Walther and Farese, 2012; Dutta and Sinha, 2015), and fusion events are 
seen to be inhibited with microtubule inhibition (Bostrom et al. 2005).  
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Fig.1.4.1.1. Theories of Lipid Droplet Formation and Growth 
(A) Theories of lipid droplet formation: i. TAGs accumulating between 
phospholipid ‘leaflets’ of the ER membrane create a bulge which buds off as 
an LD, the LD monolayer comprised from one layer of the ER bilayer; ii. 
TAGs accumulating between leaflets of the ER membrane cause bulging of 
both ER bilayers, the LD buds off and its membrane has contributions from 
both ER membrane layers; iii. A budding off of the ER bilayer to create an LD 
causes a small inclusion of the inner leaflet of the ER membrane, requiring 
rearrangement. (B) Theories of lipid droplet growth: i. LDs associate with the 
ER and accumulate newly-synthesised TAGs; ii. Newly-synthesised TAGs 
from the ER are transported to LDs within the cytoplasm; iii. LD fusion 
occurs, facilitated by LD-membrane proteins such as SNARE proteins and 
Fsp27, allowing transfer of TAGs. 
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1.4.3. Lipid Droplet Degradation 
LD degradation involves a process known as lipolysis, an enzymatic break down of 
TAGs comprising LDs into FFAs and glycerol, in order to liberate FAs for multiple 
roles including mitochondrial metabolism or plasma membrane synthesis. 
It has been shown that in some cell types, lipolysis begins with LDs dispersing, and 
larger droplets splitting, in order to expose a larger surface area for FA liberation 
(Marcinkiewicz et al. 2006; Thiele and Spandl, 2008). Although logical, there is 
limited evidence for this. 
TAG breakdown is governed by a number of LD-specific resident lipolytic enzymes 
called lipases, which sequentially hydrolyse LD lipids into their FA components 
(Thiam et al. 2013; Kohlwein et al. 2013; Fujimoto and Parton, 2011). LD 
monolayer phospholipids are likely also enzymatically removed by phospholipases, 
while associated proteins will be degraded, leading to LD shrinkage (Walther and 
Farese, 2012; Thiam et al. 2013). How lipolysis is regulated is unknown (Kohlwein 
et al. 2013). However, the family of LD-surface proteins perilipins are found to 
interact with lipases at the LD surface, or in the cytosol thought to regulate TAG 
breakdown (Yang et al. 2012; Martin and Parton, 2006; Ducharme and Bickel, 
2008). Perilipin1 is also thought to sterically protect LDs from lipase action, further 
supporting this hypothesis (Walther and Farese, 2012). 
 
  
35 
 
1.5. Characterisation of Lipid droplets in mammalian eggs 
 
Many studies have been carried out in an attempt to characterise LDs and the lipid 
content of mammalian oocytes. Most notably, the lipid content of oocytes varies 
considerably between species. Domestic species such as pig and dog oocytes contain 
large amounts of lipid, their cytoplasm dense with large LDs. Bovine and ovine 
oocytes appear less densely packed with lipid, but droplets are still large (>1µm 
diameter) and abundant. Mouse and human oocytes are the most studied and are 
biologically relevant species. Due to the similarities seen between cell types, mice 
can be used as a model system, enhancing the medical implications of this research. 
The lipid content of mouse and human oocytes and embryos is relatively low, and 
LDs are small (typically <1µm diameter). It is often hypothesised that the lipid 
content of cells reflects the extent to which they perform and rely upon metabolism 
of fatty acids as a source of energy.  
Efforts to image LDs and lipid content of human or mouse eggs prove difficult, as 
lower lipid contents are less easy to quantify, and smaller LD sizes require sub-
micron-resolution imaging techniques to be resolved (Watanabe et al. 2010). The 
lipid content of mammalian oocytes and embryos has traditionally been assayed by 
destructive chemical analysis (Ferreira et al. 2010; McEvoy et al. 2000; Loewenstein 
and Cohen, 1964), or by fluorescence imaging of lipophilic dyes (Genicot et al. 
2005; Yang et al. 2010). However, these methods have multiple limitations and are 
not compatible with continued oocyte or embryo development. Perilipins such as 
Perilipin2 have been found to exist on the surface of LDs in oocytes, indicating that 
mechanisms of fatty acid metabolism are similar to those described above (section 
1.4.3.) (Yang et al. 2010; Dunning et al. 2014b). 
 
1.5.1. Conventional Methods of Investigating LDs and Lipid Content 
Imaging of LDs in mammalian eggs and embryos has taken many forms. Prates et al. 
(2012) describe imaging of LDs in porcine oocytes, assessing their positioning and 
area using differential interference contrast (DIC). This technique is minimally 
invasive, despite using visible light wavelengths, whereas most imaging techniques 
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used to examine LDs are destructive. Electron microscopy has been performed in 
order to assess the position and size of LDs within fixed ovine and bovine oocytes 
and embryos (Bettencourt et al. 2015; Ordonez-Leon et al. 2014). The most popular 
technique of LD visualisation is fluorescence, using lipophilic staining techniques. 
Multiple studies have used fluorescent lipid dyes such as Nile red and BODIPY 
493/503 to examine the LD distribution in different mammalian species, and their 
localisation in relation to mitochondria (Niu et al. 2014; Yang et al. 2010; Sturmey 
et al. 2006). Multiple drawbacks of using fluorescent dyes include the invasive 
nature of using a stain, photo-bleaching and associated toxicity, and the often 
unspecific staining patterns. 
Evidence from these studies show that there is no overly-consistent LD distribution 
in oocytes or embryos across different species. Co-localisation of LDs with 
mitochondria in the egg cytoplasm is likely. Most domestic animals show LDs and 
mitochondria to reside within ~10nm of each other (Sturmey et al. 2006), however 
equine oocytes appear to present polar aggregations of LDs (Ambruosi et al. 2009; 
Cui et al. 2009). A degree of LD movement is seen at certain developmental stages, 
thought to be aided by microtubule transport, potentially facilitating lipid 
metabolism (Yu et al. 2010; Walther and Farese, 2012; Welte, 2009). 
 
Typically, lipid content of mammalian oocytes, eggs or embryos has been assessed 
through destructive means such as chemical extraction (Loewenstein and Cohen, 
1964). Gas chromatography has been performed to assess the lipid content of 
multiple species, involving vaporisation of components (Haggarty et al. 2006; 
Matorras et al. 1998; Kim et al. 2001; McEvoy et al. 2000; Khandoker et al. 1997; 
Homa et al. 1986; Wang et al. 1998). Mass spectrometry uses ionisation of 
molecules to create a chemical map of the cells, in order to examine their lipid 
content (Apparicio et al. 2012; Ferreira et al. 2010).  
Alternatively, lipid content in mammalian oocytes has been imaged by staining with 
dyes such as Nile red (Genicot et al. 2005; Romek et al. 2009; Niu et al. 2014; Jeong 
et al. 2009; Barcelo-Fimbres and Seidel, 2011; Ordonez-Leon et al. 2014). However, 
along with the above mentioned disadvantages to using fluorescent stains, they fail 
to provide quantitative information about lipid content, and often are unable to 
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resolve individual droplets within the cytoplasm. Providing only a semi-quantitative 
assay of lipid content, lipid dyes have a limited specificity, with uncontrolled 
variability in different cell types, and, as mentioned, are limited by issues such as 
photo-toxicity and photo-bleaching.  
 
No methods currently exist to dynamically measure the uptake or loss of fatty acids 
from LDs in living cells. It is also currently difficult to image or monitor LD 
formation at the ER, or their movement, possibly to co-localise with mitochondria in 
order for fatty acid liberation and metabolism to occur. Novel, preferably non-
invasive methods to study LDs in living mammalian oocytes and embryos with high 
spatial and temporal resolution are required.  
 
1.5.2. LD content of Different Mammalian Species 
These methods have been used to analyse the lipid contents of eggs and embryos of 
various mammalian species. It is found that the actual natural lipid content and LD 
characteristics of eggs and embryos differs greatly between species. However, the 
types of lipid present remain constant, oocytes of all species found to contain both 
saturated and unsaturated fatty acids, most prominently palmitic, stearic and oleic 
acids (Ferreira et al. 2010; McEvoy et al. 2000; Loewenstein and Cohen, 1964). 
Mammalian oocytes are of considerably different sizes, successful sheep oocytes 
having a diameter of between 110-150µm (Shirazi and Sadeghi, 2007), while bovine 
oocytes of ~110-120µm have the best chance of a successful development (Fair et al. 
1995). Human oocytes are also ~120µm, while pig oocytes measure 105µm, and 
mouse, 72µm (Griffin et al. 2006). The LD content of different species also varies 
hugely. Oocytes of domestic species such as dog and pig are famously almost 
opaque to light transmission, due to their abundant and large LDs, taking up much of 
the cytoplasmic space (Prates et al. 2012; McEvoy et al. 2000; Romek et al. 2009; 
Genicot et al. 2005; Apparicio et al. 2012). LDs of bovine and ovine eggs are 
smaller and of fewer number (Genicot et al. 2005; McEvoy et al. 2000), while 
human and mouse oocytes, eggs and embryos contain very few LDs not identified by 
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conventional brightfield microscopy, their cytoplasm transparent as a result (Genicot 
et al. 2005; Prates et al. 2012).  
Although not completely accurate in their quantification methods, these described 
techniques are able to give a reliable estimation as to the amount of lipid in oocytes 
of each species. Pig oocytes, with their abundant LDs were found to contain 156ng 
lipid per cell (McEvoy et al. 2000; Crosier et al. 2000), while ovine oocytes claimed 
to contain 89ng (McEvoy et al. 2000; Coull et al. 1998). A bovine oocyte lipid 
content of 58ng is described (Kim et al. 2001; Ferguson and Leese, 1999), while 
only 4ng lipid has been measured in mouse oocytes (Loewenstein and Cohen, 1964). 
These values can be used to calculate the amount of lipid (ng/µm
3
) of each species 
(see Table 1.). 
Genicot et al. (2005) use fluorescence imaging in an attempt to measure the lipid 
content of LDs (in TAG form) of mammalian oocytes relative to each other. They 
demonstrate that pig oocytes contain 2.4 fold more TAG than bovine oocytes, and 
1.8 times more than sheep. The pig:mouse lipid ratio is 6.8, while the sheep:mouse is 
3.8, and cow oocytes contain 2.8 times more lipid in their LDs than mouse (Genicot 
et al. 2005). However, it is not clear how reliable these results are, due to the lack of 
specificity and staining discrepancies possibly unnoticed. Other findings are not 
entirely consistent, for example McEvoy et al. (2000) find that pig oocytes contain 
74ng TAG, sheep oocytes 25ng and cows 23ng, while Ferguson and Leese (1999) 
find that bovine embryos between the 2Cell and blastocyst stage contain 33ng TAG. 
Sturmey and Leese, (2003) describe a decrease in pig oocyte cellular lipid content 
between GV and MII stages (135-122ng TAG), and no change in the 118ng 
measured between zygote and blastocyst embryo stages. Romek et al. (2009) 
however, see a decrease in lipid from 179ng to 131ng as embryo development 
continues. This measurement is of total lipid, so is likely to include free fatty acids, 
and may be an accurate representation. 
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Species Oocyte 
Diameter 
(µm) 
Oocyte 
Volume 
(µm
3
) 
Fatty Acid 
Content (ng) 
Normalised Fatty 
Acid Content 
(ng/µm
3
) 
Human 120 9.05×10
5
 ? ? 
Mouse 72 1.95×10
5
 4 2.05×10
-5
 
Cow 125* 1.02×10
6
 58 5.69×10
-5
 
Sheep 130
ǂ 
1.15×10
6
 89 7.74×10
-5
 
Pig 105 6.06×10
5
 156 25.7×10
-5
 
 
 
Table 1.  Fatty Acid Lipid Content of Oocytes of Different Mammalian 
Species, Normalised to Volume 
Approximate lipid content (ng/µm3) of oocytes of the most-studied 
mammalian species. Data collated from: McEvoy et al. 2000; Crosier et al. 
2000; Loewenstein and Cohen, 1964; Ferguson and Leese, 1999; Kim et al. 
2001; Coull et al. 1998; Fair et al. 1995; Shirazi and Sadeghi, 2007; and 
Griffin et al. 2006. 
 
The extent and importance of fatty acid metabolism also depends on species, and 
appears to reflect the amount of lipid, and number and size of LDs present. Pig 
oocytes have a high level of lipid metabolism, fatty acids thought to be primarily 
used as a source of ATP (McEvoy et al. 2000; Ambruosi et al. 2009; Sturmey et al. 
2006; Prates et al. 2014). Oocytes of sheep and cow species appear to metabolise a 
moderate level of fatty acids, as well as pyruvate in order to produce energy 
(Gardner et al. 1993; Ferguson and Leese, 2006; Sutton-McDowall et al. 2010), 
while mouse and human egg resting lipid metabolism has been measured to be low, 
favouring pyruvate as a major energy source (Harris et al. 2009; Haggarty et al. 
2006; Downs et al. 2009; Biggers et al. 1967; Dumollard et al. 2007; Conaghan et 
al. 1993). It is currently not understood why lipid metabolism and content of oocytes 
and embryos of mammalian species differs so greatly. Suggested mechanisms 
*Average between 110-140µm (Fair et al. 1995; McEvoy et al. 2000) 
ǂ
 Average between 110-150µm (Shirazi and Sadeghi, 2007) 
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responsible have included the prolonged time to implantation in pigs: while rates of 
development to blastocyst are relatively similar, porcine embryos attach to the 
uterine lining ~day 11 post-fertilisation, compared to ~day 6 in the human (Prates et 
al. 2014; Schatten and Constantinescu, 2008). Other differences are also apparent 
once implantation has occurred, for example porcine embryos maintain their ICM for 
~6-7 days post-attachment, compared to ~1-3 days in mouse and human embryos 
(Oestrup et al. 2009). 
 
1.6. Multiphoton Microscopy 
 
Prior methods of imaging and quantifying lipids in mammalian eggs or embryos, 
while providing vital information, have obvious limitations. Mammalian oocytes and 
embryos are particularly sensitive to light, hence light exposure has to be minimized 
in order to maintain viability (Takenaka et al. 2007). For use in assisted reproductive 
technologies, no staining methods or fixation can be used, as these also compromise 
the viability of the egg or embryo.  
Label-free optical methods such as DIC microscopy have been used extensively to 
image multiple biological tissues, however these are unable to provide any chemical 
information, vital to be able to further understand cell systems and functions. In 
order to non-invasively measure and assess the lipid content of mammalian eggs or 
embryos in clinical situations, chemically-specific, label-free imaging techniques are 
sought. Various multiphoton imaging techniques are emerging, with many 
applications in biology. Using near-infrared laser sources and localised non-linear 
light-matter interaction, multiphoton techniques allow optical sectioning hundreds of 
microns deep into biological tissues. With less than 1µm
3
 focal volume where high 
photon densities are reached, intrinsic three-dimensional (3D) spatial resolution is 
enabled without the need of a confocal detection pin-hole, and scattering and photo-
damage are reduced, allowing for compatibility with live cell imaging (Zipfel et al. 
2003).  
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Raman Spectroscopy involves the interaction of light with vibrational resonances of 
endogenous chemical bonds within biological samples. While it has been 
successfully used in the label-free imaging of LDs in mouse eggs (Davidson et al. 
2012), the signal gained from Raman scattering is very weak, and the long image 
acquisition times needed to generate sufficient contrast have effectively limited its 
use to fixed material (Wood et al. 2008). Consequently, there are no methods 
reported to date for quantitatively assessing lipid content in mammalian oocytes and 
early embryos in a non-destructive manner. 
Coherent anti-Stokes Raman Scattering (CARS) microscopy has emerged in recent 
years as a powerful multi-photon microscopy technique which overcomes some of 
the limitations met with spontaneous Raman scattering. CARS also involves the 
interaction of optical fields with vibrational resonances of chemical bonds, but 
vibrations are driven coherently, enhancing the signal obtained. Consequently, 
CARS enables label-free chemical and quantitative analysis of lipids in living cells, 
with high acquisition speeds (Zumbusch et al. 2013). CARS has previously been 
successfully used to image LDs in various living cells in culture and in whole 
organism invertebrate embryos (Hellerer et al. 2007; Zumbusch et al. 2013). 
 
1.6.1. Raman Spectro-Microscopy 
Raman spectro-microscopy involves the interaction of a light field, typically 
monochromatic at a given optical frequency, with vibrating chemical bonds of a 
molecule within the sample (see Fig.1.6.1.1. (A)). Raman scattering can be 
understood as originating from the molecule acquiring an induced dipole (in the 
presence of the incident light) which oscillates at a shifted frequency compared to 
the incident light, due to the change of the molecular polarisability from the vibrating 
atoms. This inelastic scattering is usually detected as a so-called Stokes shift to a 
lower frequency (Downes and Elfick, 2010; Davidson et al., 2013). A schematic way 
to understand Raman scattering uses an energy-level representation from quantum 
mechanics, where the molecule is ‘excited’ from its ground state to a virtual energy 
state by the incident photon, and ‘emits’ a lower frequency photon by returning to an 
excited vibrational level (inverted commas acknowledge that this is qualitative 
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terminology; the correct quantum mechanical description of this process is beyond 
the scope of this thesis). The emitted photon is stokes-shifted to a lower energy by an 
amount exactly equal to the energy difference between these vibrational levels (see 
Fig.1.6.1.1. (A)) (Potma and Xie, 2004). Due to the different chemical bonds 
comprising different molecules, Raman spectra (which show the intensity of 
scattered light versus frequency shift from the incident light field) are unique to each 
molecule, allowing identification of sample molecular composition. Raman is also an 
example of a linear optical effect, as the intensity of the Raman scattered light is 
linearly proportional to the incident intensity. It is also proportional to the number of 
chemical bonds in the examined sample, meaning molecules can also be 
quantitatively analysed. However, with this method, bonds vibrate incoherently and 
the signal generated is usually very weak- with typically only one photon emitted per 
molecule per 10
10
 incident photons (Potma and Xie, 2004). Raman micro-
spectroscopy does therefore require high powers, long acquisition times and a high 
number of molecules in order to generate sufficient signal, compromising the use of 
Raman with living cells. 
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 Fig.1.6.1.1. Principles of Raman Spectroscopy, Coherent Anti-Stokes Raman 
Scattering (CARS) Microscopy and Two-Photon Fluorescence Microscopy 
Schematics representing the various processes, using energy levels and 
excitation/emission spectra. (A) Raman scattering involves the interaction of a light 
field, typically monochromatic at a given optical frequency ωi, with incoherently 
vibrating chemical bonds of a molecule within the sample. This inelastic scattering is 
usually detected as a Stokes shift to a lower frequency (ωR). (B) Coherent anti-
Stokes Raman Scattering (CARS) microscopy involves coherent vibration of 
chemical bonds by two incident beams, the pump beam of frequency ωp, and the 
Stokes beam of frequency ωS. Scattering of a third beam, the probe beam of 
frequency ωpr by this coherent vibration causes emission of a higher-energy photon 
of frequency ωaS, the anti-Stokes shift enabling detection. (C) Two-Photon 
Fluorescence (TPF) involves the excitation of a fluorophore (F) into a real electronic 
excited states by two photons of half the frequency required for one-photon 
absorption (ω0.5ex). Excitation of the fluorophore generates fluorescent emission at a 
lower energy than the incident beam, following vibrational relaxation (ωem), this 
Stokes shift enabling detection. 
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1.6.2. Coherent anti-Stokes Raman Scattering (CARS) Microscopy 
CARS arises as a result of a third-order nonlinear process (four-wave mixing) in 
which two near-infrared pulsed laser fields, the pump (of frequency ωp) and Stokes 
(ωS) beams, coherently excite a molecular vibration resonant at the frequency ωvib. 
When ωp - ωS is equal to ωvib, all the examples of this chemical bond within the focal 
volume can be driven to simultaneously oscillate. Thus, in CARS microscopy, the 
incident pump and Stokes beam frequencies can be tuned to vibrate desired chemical 
bonds of known vibrational resonance. The resulting coherent vibration modulates a 
third beam known as the probe beam ωpr, causing emission of an anti-Stokes photon 
(ωas). In a typical two-pulse experiment, the probe beam coincides with the Pump 
beam, i.e. ωpr = ωp and the anti-Stokes frequency is ωas = 2ωP - ωS = ωp + ωvib. This 
CARS frequency is higher and blue-shifted to the incident beam frequencies and is 
thus free from (one-photon) auto-fluorescence background (Follick et al. 2011) (see 
Fig.1.6.1.1. (B)). 
CARS can also be understood in terms of an energy level diagram (see Fig.1.6.1.1. 
(B)). As the incident pump field interacts with the electron cloud and molecular 
bonds of molecules within the sample, the molecules are excited from the ground 
state to a virtual energy state. Interaction with the Stokes field ‘relaxes’ these 
molecules to a vibrational energy state, or more precisely the interference between 
pump and Stokes fields drives their coherent vibration. The probe beam then excites 
these molecules to an even higher virtual energy state, relaxation from which back to 
ground state causes emission of a photon at a higher frequency than the pump beam, 
which can be detected as the CARS signal (Potma and Xie, 2004; Follick et al. 2011; 
Evans et al. 2008).  
Like Raman, the CARS signal is proportional to the number of chemical bonds 
within the sample. However, rather than a linear relationship, it is quadratically 
dependent, and generates signal intensities several orders of magnitude higher than 
spontaneous spectroscopy. This is due to the constructive interference of the Raman 
signal generated by vibration of all chemical bonds of a given type within the focal 
volume. CARS is particularly efficient when imaging lipids since they contain a 
large number of identical CH bonds within their aliphatic chain. Within cells, the 
hydrophobic nature of lipids often governs that numerous molecules aggregate in 
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LDs, increasing the signal obtained even further (Zumbusch et al. 2013). Due to the 
fact that the multiphoton CARS process only takes place within the focal volume, 
and near infrared (NIR) wavelengths are used, scattering effects and photo-damage 
are reduced. This, along with short acquisition times, makes CARS compatible with 
live cell imaging, unlike Raman micro-spectroscopy. 
A limitation of CARS microscopy is the presence of a non-resonant background. 
This is a background signal that remains even when the two incident beams are not 
in tune with a particular vibrational resonance. Due to this background, spectra 
gained from CARS microscopy cannot be directly compared with true Raman 
spectra of molecules. In order to quantitatively analyse CARS signals and investigate 
chemical composition of the sample, the non-resonant background must be taken 
into account and removed. 
 
1.6.3. Two-photon Fluorescence (TPF) Microscopy 
Two-photon fluorescence (TPF) microscopy is a multiphoton technique used to 
excite fluorophores or autofluorescence with higher penetration depth than 
conventional fluorescence microscopy techniques.  TPF uses the principle that two 
photons of half the energy required to excite a fluorophore into a real electronic 
excited state, simultaneously directed at the fluorophore, cause absorption and, in 
turn, fluorescence emission (see Fig.1.6.1.1. (C)). The fluorescent molecule is 
excited from its ground state to a real excited energy state, where its undergoes 
vibrational relaxation before emitting a photon of lower energy than the one-photon 
absorption transition. This difference in energy means that the emitted photon can be 
detected via specific frequency selection (see Fig.1.6.1.1. (C)). 
The smaller energy of the incident photons means they have a longer wavelength, 
and are consequently able to better penetrate the sample. The NIR light (>800nm) is 
less scattered than visible wavelengths, and less absorbed by endogenous 
chromophores. Although debated in the literature, this might also result in less 
photo-damage to the sample. As excitation only occurs in the focal volume, TPF 
benefits from intrinsic 3D resolution (Zipfel et al. 2003; Zumbusch et al. 2013). TPF 
is dependent on two photons being simultaneously absorbed (within ~10
-16 
sec), so a 
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pulsed laser is used to increase probability of this happening, while maintaining 
moderate average power (Zipfel et al. 2003; Zumbusch et al. 2013). The use of 
femtosecond pulses also allows for multimodal imaging e.g. simultaneous CARS 
and TPF. 
The use of fluorophores is invasive, often altering the biological properties of the 
sample. Fluorophores are too big to image metabolites, and often overexpression of 
probes is needed in order to see anything of value. Thus, TPF cannot be regarded as 
a non-invasive technique, unless imaging of autofluorescence is performed.  
 
1.6.4. Raman and CARS Microscopy of Lipids in Biological Tissues 
Raman spectroscopy and CARS imaging have been extensively used to image lipids 
in biological tissues, due to the high signal gained and the chemical quantification 
methods possible. Due to large number of identical bonds present in lipids, signals 
from lipids are extremely high, making CARS and Raman microscopy methods ideal 
for lipid research. The known dependence of Raman and CARS intensities on the 
number of CH2 bonds gives a good measure of the amount of lipid present in the 
sample, and the ability to extract Raman spectra from both imaging techniques 
allows for detailed investigation of chemical composition. The NIR wavelengths of 
light allow for less endogenous absorption, meaning decreased photo-damage to 
cellular material. Raman and CARS also benefit from being chemically-specific 
techniques, negating the requirement for unspecific or unreliable fluorophores, or 
destructive techniques such as chemical extraction. 
As previously described, Raman generates a weak signal, requiring high powers and 
long acquisition times, making it impractical for live cell imaging. However, CARS 
microscopy allows examination of multiple lipid behaviours occurring in living cells. 
As described, lipids in cellular systems are dynamic and of particular interest when it 
comes to investigating metabolism.  
The majority of biologically relevant vibrational frequencies lie within the range of 
1200cm
−1
-3800cm
−1
 (Pope et al. 2013; DiNapoli et al. 2014b). These vibrational 
resonances include chemical bonds such as the C-C bond (1150cm
-1
), CH2 stretch 
(2850cm
-1
), and double-bonded =CH stretch (3010cm
-1
), C=C (1660cm
-1
) and C=O 
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(1740cm
-1
) vibrations (Di Napoli et al. 2014). Conventional lipid spectra are likely 
to have a large peak at 2850cm
-1
 due to the large number of CH2 bonds making up 
the acyl chain, whereas peaks at 1660cm
-1
 or 3010cm
-1
 will only be present in 
spectra of lipids comprised of unsaturated fatty acids. Therefore, Raman spectra 
provide a lot of information as to the chemistry of lipids within the sample. Specific 
techniques of gaining these spectra from biological samples differ (see Zumbusch et 
al. 2013 for an overview). However, hyperspectral imaging, over a number of 
sequential vibrational resonances, can provide a CARS spectrum at each spatial 
position within a sample, enabling identification of specific lipids within the sample, 
and the chemical composition of LDs present in biological specimens (Pope et al. 
2013; Rinia et al. 2008; Di Napoli et al. 2014b Parekh et al. 2010). 
 
Previous efforts have been made to use CARS to investigate cell and organelle 
membranes (Potma and Xie, 2005), however, lipid bilayers such as these are 
essentially two-dimensional hence have very few molecules in the focal volume, so 
CARS signals are low and require long acquisition times (Zumbusch et al. 2013). 
Various living cells and biological tissues have thus far been imaged for lipids using 
CARS microscopy, including fibroblasts, HeLa cells and high fat-containing 
adipocytes (Nan et al. 2003; Rinia et al. 2008; Paar et al. 2012). Breast cancer has 
been investigated in situ and in vitro (Yang et al. 2011), while tissues such as skin 
and neurons have also been assessed for their lipid content (Evans et al. 2005; Wang 
et al. 2005). Hellerer et al. (2007) used CARS to examine whole Caenorhabditis 
elegans (C. elegans) organisms. Other studies have taken advantage of the ability to 
simultaneously use CARS and TPF to gain further knowledge of medical issues such 
as atherosclerosis and liver fibrosis (Le et al. 2007; Lin et al. 2011). CARS clearly 
has many biologically and medically relevant applications, allowing further advances 
in research to be made. 
 
1.6.5. Raman and CARS Microscopy of oocytes eggs and embryos 
Mammalian oocytes and embryos are delicate cells, highly sensitive to the light 
levels used in conventional microscopy methods, and susceptible to damage from 
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preparatory techniques often required in these methods. Raman spectro-microscopy 
has been used to successfully assess lipid content of fixed mammalian oocytes and 
embryos, giving a promising indication of similar future success using CARS 
microscopy on live oocytes and embryos. Wood et al. (2008) were the first to 
examine the lipid characteristics of mouse oocytes, describing a higher lipid content 
of MII eggs, and a higher fraction of unsaturated fatty acids. Davidson et al. (2012, 
2013) found differences in lipid and protein contents of GV oocytes, MII eggs and 
embryo stages, claiming that Raman profiles can be used to identify developmental 
stage. They also describe the finding that the ratio between the peaks associated with 
protein and lipid concentrations allows measurement of oocyte quality- those with a 
higher protein:lipid ratio correlating with the current morphological grading system 
of oocyte quality. Bogliolo et al. (2012) used Raman spectro-microscopy to assess 
ovine oocytes, demonstrating that freezing of eggs induces biochemical changes to 
the ZP. In 2013, they also identified that aged oocytes had reduced lipid and protein 
profiles, similar to that seen with oxidative stress (Bogliolo et al. 2013). 
In clinical or laboratory situations, where an embryo must be transferred into the 
mother after fertilisation, invasive methods of quality assessment are simply not 
viable. Non-invasive methods of egg and embryo assessment are desirable in order 
to minimise the time spent in culture, and the imaging time of the embryo, whilst 
maximising the chances of a successful pregnancy. There is also a possibility that 
CARS would be beneficial in improving cryopreservation of oocytes or embryos, 
where fast freezing of the cells allows for their use in ART at a later date. It has been 
found that eggs or embryos of a higher lipid content have a lower cryotolerance than 
those with less lipid (Wirtu et al. 2013; Takahashi et al. 2013)- a characteristic that 
could be assessed in a clinical laboratory by CARS microscopy. 
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1.7. Summary and Aims 
 
It is clear that complex metabolism mechanisms are occurring throughout 
mammalian egg and embryo development, and the cells are relying solely on their 
mitochondria for production of ATP for cell growth, cell cycle processes, cell 
division and ultimately cell survival. It is thus far known that lipid metabolism is 
performed at these early developmental stages, along with pyruvate oxidation, but 
that too little or too much oxidation of either substrate is detrimental to the health of 
the egg or embryo. These cells can only survive and go on to produce a viable 
embryo if an optimum level of metabolism is occurring at the mitochondrial level. 
Lipids in cells are packaged by the ER as TAGs into cytoplasmic vesicles known as 
lipid droplets, with an outer lipid monolayer, associated with functional proteins. 
Here, fatty acids are recruited or liberated in concurrence with the metabolic 
demands of the cell. Until now, imaging of LDs in eggs or embryos has been 
achieved through destructive means such as lipophilic fluorescence staining, 
requiring cell fixation and harmful levels of light. Alternatively, non-invasive 
methods have proved to be incapable of resolving LDs as small as those found in 
mouse or human eggs (Watanabe et al. 2010). 
CARS microscopy has been recently developed as a tool proficient in imaging lipids 
in biological tissues, due to their high-density aggregation within LDs, resulting in a 
large CARS signal. Here, use of CARS microscopy is intended to image LDs in live 
mouse eggs and embryos at the 2850cm
-1
 CH vibrational resonance, and to perform 
hyperspectral imaging on individual LDs within eggs and embryos, in order to 
qualitatively and quantitatively investigate the number of LDs, their size and their 
chemical composition throughout development from the GV stage oocyte to the 
blastocyst stage embryo. The aim is also to be able to prove that this method of 
imaging such sensitive cells is coincident with cell viability, while potential 
conclusions about developmental potential can be drawn from LD distribution 
patterns. It is hypothesised that use of this imaging method will point out the short-
comings of fluorescent staining compared to CARS microscopy, and will recognise 
the additional information capable of being obtained in a short space of time using 
CARS. Finally, it is possible to investigate fatty acid metabolism within the egg and 
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early embryo using fluorescence and luminescence microscopy. It is expected that 
the extent of fatty acid metabolism contribution to egg or embryonic cellular redox 
potential can be measured. Meanwhile, the effects of altered metabolism on 
mitochondrial and ER processes can also be investigated. CARS microscopy 
alongside alteration of metabolic activity will demonstrate the effect this has on LD 
distribution, enabling conclusions to be drawn as to the patterns that are seen. 
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Chapter 2. Materials and Methods 
 
2.1. Animals 
Female MF1 mice, and male F1-hybrid mice, were obtained from Harlan 
Laboratories. 
All animals were handled according to UK Home Office regulations, and procedures 
carried out under a UK Home Office Project License. 
 
2.2. Gamete collection and manipulation 
2.2.1. Female gamete collection 
4-6 week old female MF1 mice were intraperitoneally injected with 5 international 
units (IU) pregnant mare’s serum gonadotrophin (PMSG) to mimic the action of 
FSH and induce ovarian follicle growth. 48hrs later, 10IU human chorionic 
gonadotrophin (hCG) was injected to mimic LH secretion, to cause superovulation. 
Oviducts containing mature MII eggs were collected from culled mice 15hrs later, 
into warmed M2 (embryo-tested, Sigma) at 37°C. Oviducts were punctured with a 
syringe needle and liberated eggs were collected via mouth pipette. Cumulus cells 
were removed by brief exposure to 300μg/ml hyaluronidase. Ovaries containing 
immature GV oocytes were collected from un-injected culled mice, into warmed M2 
medium at 37°C, containing 100μM isobutyl-1-methylxanthine (IBMX, Sigma) to 
maintain MI arrest. Ovarian follicles were punctured multiple times and liberated 
oocytes were collected via mouth pipette.  Cumulus cells were removed by gentle, 
repeated pipetting, and release from GV arrest was obtained by washing oocytes in 
multiple drops of M2 medium. During experiments and incubation, oocytes/eggs 
were kept at 37°C in drops of M2 medium (with or without IBMX) covered in 
mineral oil (embryo-tested, Sigma) to prevent evaporation.  
In vivo fertilisation was carried out by mating female MF1 mice with male F1-hybrid 
mice overnight after hCG injection (48hrs after PMSG), and oviductal zygotes were 
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collected as above 15hrs later. Eggs/embryos were manipulated in all conditions by 
mouth pipetting, using a fine-bored glass pipette, pulled over a Bunsen flame and 
connected to plastic tubing with a plastic mouth piece. 
Bovine ovaries were collected from various culled cattle, and COCs liberated into 
HEPES-buffered M199 media (see Appendix 1). Maturation was allowed in 
supplemented M199 media (10% serum, see Appendix 1) at 39°C, with 5% CO2 
overnight, before treating with 300μg/ml hyaluronidase and removing cumulus cells 
by gentle pipetting with a fine-bore pipette. Bovine eggs were held and imaged in 
standard M2 medium at 37°C. 
 
2.2.2. Male gamete collection 
Spermatozoa were collected from culled 10-24 week old male F1-hybrid mouse 
cauda epididymis. Epididymi were collected into warmed M2 media at 37°C. 
Spermatozoa were liberated by puncturing the tissue multiple times with a syringe 
needle, then pipetted into equilibrated Tyrodes 6 (T6) medium (see Appendix 2) 
containing 15mg/ml bovine serum albumin (BSA), at 37°C and 5% CO2. 2-3 hours 
were allowed for capacitation before in vitro fertilisation carried out. 
 
2.3. Culture conditions 
2.3.1. In vitro Maturation 
In vitro maturation (IVM) of mouse oocytes was allowed by washing and culturing 
oocytes in standard M2 medium at 37°C or Minimum Essential Medium (MEM) 
(Sigma, see Appendix 3) containing 3mg/ml BSA (Sigma). Drops of media were 
covered with mineral oil (embryo-tested, Sigma) to prevent evaporation. IVM was 
allowed overnight for ~18hrs. 
 
2.3.2. In vitro Fertilisation 
MII eggs were added a drop of T6 media (see Appendix 2) containing capacitated 
sperm for 2 hours before washing out and culturing in KSOM as below. 
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2.3.3. Embryonic maturation media 
Embryos from the zygote stage were washed in multiple drops of, and then 
subsequently cultured in, KSOM medium (EmbryoMAX, Merck Millipore) at 37°C, 
5% CO2 under oil for up to 5 days, when blastocyst stage is reached. 
 
2.3.4. Experimental holding media 
Pyruvate starvation was carried out by incubating MII eggs in Hepes-buffered 
KSOM medium (HKSOM, see Appendix 4) containing 3mg/ml BSA (both Sigma), 
lacking pyruvate and lactate, for ~6 hours before imaging. 
Experimental variations of MEM media (Appendix 3) were supplemented with 
4mg/ml fetal calf serum (FCS) (Sigma), 3mg/ml fatty-acid-free BSA (Sigma) instead 
of standard BSA, or BSA conjugated to oleic or palmitic acids (see below) in 
experimental concentrations of 100µM, 200µM, 250µM, 400µM or 700µM. 5mM 
oleic acid (OA)- or palmitic acid (PA)-BSA stocks were achieved by dissolving 
14.1mg OA or 12.8mg PA into 500µl sodium hydroxide (NaOH) using a boiling 
water bath to make 0.1M fatty acid-sodium salt; this salt was then dissolved into 
warmed (37°C) phosphate buffered saline (PBS) with 100mg/ml BSA in a water 
bath at 55°C for 15mins. Care was taken not to allow the palmitic salts to precipitate, 
by keeping all equipment used warm (including pipette tips). 
  
2.3.5. Fixation and staining 
Where stated, egg/embryos were fixed in 1% paraformaldehyde (PFA) in PBS with 
1% polyvinyl alcohol (PVA) to prevent adhesion, for 10mins before holding in PBS. 
Fixed cells were stained for lipid droplets using 1 µg/ml BODIPY 493/503 or HCS 
LipidTOX green neutral lipid stain at a 1:5000 stock dilution (both Life 
Technologies) for 1hr for subsequent TPF imaging. Nile red stain was used at 
10µg/ml for 2hrs for subsequent confocal imaging. Fixed cells were imaged in PBS 
to avoid any chemical interactions from other media e.g. M2 giving non-biological 
effects. 
Live oocytes were treated with 100nM tetramethylrhodamine ethyl ester (TMRE) 
before measuring effects of etomoxir on mitochondrial membrane potential. 
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2.4. Microinjection 
GV and MII eggs were injected with the desired reagent within a shallow drop of M2 
under mineral oil to prevent evaporation, upon an unheated microscope stage (Nikon 
TE2000). For mitochondrial observation, MitoTurboGFP RNA was injected. For 
luminescence measurements, click-beetle luciferase RNA mixed with potassium 
chloride (KCl) Hepes buffer (~1μg/ml final concentration), or firefly luciferase 
protein (10μg/ml final concentration) was injected. For measurement of changing 
Ca
2+
 levels, a 1:1 mix of OGBD (Oregon green BAPTA-dextran):Alexa596 was 
injected. ~1μl of a reagent sample is pipetted into a microinjection needle using a 
sterile microloader pipette tip (Eppendorf). Needles are pulled on a vertical puller (P-
30, Sutter Instruments) and, once loaded, are connected to an intracellular amplifier 
(Cyto721, WPI). A holding pipette holds eggs in place via suction, and the injection 
needle can be manipulated to penetrate the egg. A small amount of reagent is 
introduced into the egg (~3-5% its volume) via a short pressure pulse of ~20psi from 
a Picopump (WPI Ltd) operated by a foot pump. 
 
2.5. Intra-cytoplasmic Sperm Injection (ICSI) 
ICSI was performed as described by Yoshida and Perry (2007). Briefly, ICSI 
microinjection needles were pulled from borosilicate glass capillaries using a pipette 
puller. Needles were forged to appropriate standard with a microforge, to give a 
flush edge of ~0.5mm diameter and 30º angle for injection. The backs of the 
injection needles were blunted on a flame before back-loading with ~1μl Fluorinert 
(Sigma), making sure no air bubbles were present in the column up to the very back 
end of the needle. Needles were then mounted firmly to the stage, ensuring that no 
air bubbles were present in the needle column. A gentle increase in positive pressure 
was applied in the injector to advance the oil and Fluorinert to the tip of the needle. It 
was then brought down into the prepared drop of injection media, so that it was in 
focus under the desired magnification. The end of the needle was flushed with 
Fluorinert by increasing positive pressure, before decreasing pressure to bring a 
small amount of injection media into the very tip of the needle, maintaining 
Fluorinert in the field of view. 
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A fresh sperm sample was prepared in T6 media (as described in section 2.2.2, 
recipe can be observed in Appendix 2), or a frozen sperm sample previously 
prepared was thawed, and sperm were decapitated by brief sonication before cooling 
on ice. A small amount was then pipetted into the injection drop, and sperm heads 
were picked up by a gentle decrease in pressure in the injection needle, either 
individually or a few at a time. 
A holding pipette was used to keep eggs to be injected in place, in a suitable 
orientation so that injection needle has enough space between the ZP and the 
cytoplasmic membrane, and so that the meiotic spindle would not be affected by 
injection. The injection needle was then brought into contact with the ZP, large piezo 
pulses (intensity= 3, frequency= 6) were used to bore through the ZP to gain access 
to the inside of the cell. Applying a small amount of positive pressure gently 
removed the ZP ‘plug’ from the injection needle, and brought the sperm head to the 
very end of the injection needle. 
The needle was then pushed against the cytoplasmic membrane, traversing the 
majority of the cell until it was in close proximity to the holding pipette, causing a 
large invagination of the cell membrane, in order to place the sperm head at the 
opposite pole. A small peizo pulse (intensity= 1, frequency= 1) accompanied by a 
small amount of positive pressure introduced the sperm head to the cytoplasm, and 
the injection needle was swiftly but gently withdrawn from the cell. 
Injected eggs were kept in M2 media overnight at 37ºC, and zygotes with pronuclei 
were then washed in and incubated in KSOM media at 37ºC and monitored daily for 
embryonic development. 
 
2.6. Chemical Treatments 
Cyano-hydroxycinnamate (CIN) (Sigma) was added to media with a final 
concentration of 0.5mM, to prevent pyruvate transport into mitochondria by specific 
inhibition of monocarboxylic transport. Eggs were either incubated in media 
containing CIN, or it was added during measurements. Etomoxir (Sigma) was added 
to media at 100μM, to inhibit lipid metabolism by CPT1 inhibition. Eggs were either 
incubated in media containing etomoxir, or it was added whilst measurements were 
taking place.  Rotenone was added to eggs during measurements at 10μM, to inhibit 
electron transfer from Complex I to ubiquinone in the ETC. 2mM sodium cyanide 
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(CN
-
, Sigma) was used to induce a fully reduced redox state, while ETC uncoupler, 
FCCP (Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone) (Sigma) was added 
to media with a final concentration of 200nM for a fully oxidised redox state. 
Perfusion of media in the microscope dish with fresh medium throughout 
measurements allowed the subsequent addition of these drugs within the same 
experiment, enabling observation of multiple responses. Sarco/endoplasmic 
reticulum Ca
2+ 
ATPase (SERCA) pump inhibitor thapsigargin was added to media at 
10µM in order to inhibit Ca
2+
 uptake into the ER, and to raise cytosolic Ca
2+
. Ca
2+
 
ionophore, ionomycin was used to deplete the ER Ca
2+
 store, in order to raise 
cytosolic Ca
2+
.  
 
2.7. Epifluorescence, Confocal Fluorescence and Luminescence 
Imaging 
2.7.1. Epifluorescence Imaging 
Epifluorescence measurements were performed using a Nikon Ti-U microscope. 
Excitation light was provided by a halogen lamp and a Photometrics CoolSnap HQ2 
CCD camera was used to collect fluorescence data. Filters used were as described in 
Table 2. Switching experiments took two measurements every 10 seconds. 
 
 Excitation Filters Emission Filters 
FAD autofluorescence 460nm (10nm bandpass) 510-550nm 
NADH autofluorescence 350nm 450-490nm 
Simultaneous FAD and 
NADH auofluorescence 
480nm (30nm bandpass) 510-550nm 
OGBD 490nm 510-550nm 
Alexa596 580nm 600nm 
Rhod Dextran 550nm 600nm 
TMRE 550nm 580nm 
Table 2.  List of Excitation and Emission filters used in Epifluorescence 
Measurements 
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Oocytes/eggs and embryos were briefly exposed to acid Tyrode’s solution (Sigma) 
prior to placing in the microscope dish, in order to remove the zona pellucida so that 
they stick to the glass cover slip, allowing addition of experimental chemical 
treatments to the surrounding media without disturbance of the eggs/embryos. 
InVivo software was used to collect data, ImageJ was used to collect data per egg 
using the MultiMeasure Plug-in, selecting regions of interest (ROIs). SigmaPlot and 
Origin were used for normalisation and plotting of data. The intensity of 
fluorescence emission is presented in arbitrary units. 
In experiments where FAD or MMP was measured, graphs were normalised by: 
𝑥0 − 𝑥𝑚𝑖𝑛
𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛
  where 𝑥0 is the resting fluorescence level before drug addition, and 𝑥𝑚𝑖𝑛 
and 𝑥𝑚𝑎𝑥 are the minimum and maximum fluorescence levels reached, respectively. 
In the case of FAD experiments, the area under the curve was found for comparison 
between conditions or developmental stage. 
In experiments where fluorescence of OGBD and Alexa were measured, the OGBD 
(sensitive to Ca
2+
) data were divided by the Alexa (insensitive to Ca
2+
) data in order 
to provide a ratio. The intensity level was divided by the intensity just before 
thapsigargin addition (F/F0), and the area under the curve was found, for comparison 
between conditions. 
A perfusion apparatus was set up in order to replace imaging media with fresh media 
throughout experiments requiring addition of multiple drugs with opposing 
mechanisms e.g. washing out of CN
-
 before FCCP addition. 
 
2.7.2. Confocal Imaging 
Eggs stained with Nile Red were imaged with a Leica SP2 A0BS confocal laser 
scanning microscope, with a 63x oil immersion objective and 2x optical zoom. Laser 
power was set to 39% and excitation and emission wavelengths set to 488nm and 
500-580nm respectively. Images were acquired with a 0.6µm step size over ~60µm, 
scanned at 400Hz (512x512 pixel resolution). 
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2.7.3. Luminescence Imaging 
Eggs injected with either luciferase RNA (~1μg/ml) or protein (10μg/ml) were 
pipetted into HKSOM media (Appendix 4) containing 100μM luciferin, under 
mineral oil, on the heated stage of a Zeiss Axiovert S100 microscope within a 
purpose-built dark box. Photek software was used to collect data per ROI; Origin 
was used for normalisation and plotting of data. Graphs were normalised by: 
𝑥0 − 𝑥𝑚𝑖𝑛
𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛
  where 𝑥0 is the resting luminescence level before drug addition, and 
𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 are the minimum and maximum luminescence levels reached, 
respectively. The luminescence values in experiments represent the absolute number 
of measured photon counts per 10 seconds. 
For in vitro maturation luminescence experiments, Sigmaplot ‘Regression Wizard’ 
was used to find the residuals of the data before using Origin to plot the final data.  
 
2.8. CARS, TPF and DIC Microscopy 
2.8.1. CARS and TPF Microscopy  
SecureSeal imaging spacers (Sigma) of ~120μm thickness and 13mm diameter 
where attached onto standard microscope slides. Petroleum jelly was thinly spread 
around the well of the spacer for an airtight seal. Eggs were pipetted into a small 
drop ~10-20μl of M2 media, embryos into PBS with PVA, and a coverslip used to 
create a sealed chamber. 
For imaging requiring exchange/addition of media over time, CO2 exposure, or 
future imaging, living cells/embryos were pipetted into a drop of M2 media covered 
in oil, on a 25mm round glass coverslip placed in an in-house-built imaging dish 
with a removable glass lid (see Fig.2.8.1.1.). For live cell compatibility, the 
microscope stage was heated to maintain media at 37ºC, and contained in an 
environmental chamber enabling 5% CO2 provision. 
 
 
 
 
59 
 
 
 
 
 
 
Fig.2.8.1.1. CARS Imaging Chambers 
(A) In-house-built imaging dish composed of a 35mm dish and a 35mm ring 
which screws into the centre of the dish. (B) Assembly of the imaging dish: A 
25mm round glass coverslip is placed in the imaging dish. A 22mm rubber O-
ring is placed on top of the glass coverslip, and sealed by a 35mm dish ring, 
which screws into place inside the imaging dish. Live oocytes and embryos 
were held in a drop of M2 media pipetted onto the coverslip, and covered in 
oil. A removable glass lid allows removal and subsequent culture of eggs or 
embryos after CARS imaging. 
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The CARS microscope was set up as described by Pope et al. 2013, with TPF, SHG 
and DIC imaging capabilities (see below). Figure 2.8.1.2. shows the experimental 
set-up. A single Ti:sapphire laser source (Venteon, Pulse:One PE) is used to generate 
broadband 5fs pulses (spectral width of 660nm-970nm) enabling provision of 
simultaneous CARS and TPF excitation. A short-pass mirror (Eskma Optics; DM1a 
in Fig. 2.8.1.2.) reflects wavelengths >900nm, and a long-pass filter removes the part 
of the spectrum that coincides with the CARS signal detection range. Pump and 
Stokes components for the CARS excitation are obtained by spectrally separating 
this laser output with an appropriate dichroic beam splitter (CVI Melles Griot; DM2 
in Fig. 2.8.1.2.), resulting in a pump beam with centre wavelength at 682 nm, 65nm 
bandwidth, and a Stokes field of 806 nm, with a 200nm bandwidth.  
Although fs pulses allow probing of a broad spectral range, vibrational resonances in 
liquids are optimally coherent in the picosecond (ps) time scale, corresponding to 
Raman linewidths of ~10 cm
-1
. A high spectral resolution of 10 cm
-1
 is achieved in 
our CARS set-up through spectral focusing as described by Pope et al. 2013. In 
short, pump and Stokes pulses are linearly chirped using glass blocks of known 
dispersion (refractive index versus wavelength). The linear chirp stretches the pulses 
in time to ~ps duration and is adjusted to maintain a constant instantaneous 
frequency difference (IFD) in the CARS vibrational driving process over the 
stretched pulse duration. In practice, this is achieved using glass blocks of SF57 
material with variable lengths (0mm-60mm in 5mm steps) in the Stokes beam path, 
to adjust the length through which the Stokes beam travels (see Fig. 2.8.1.2.), while 
the chirp in the pump beam is the one accrued from propagation through the scan 
lens, the tube lens and the microscope objective.  The resulting pulse durations are 
~1ps for the pump pulses and 4ps for the Stokes pulses. Notably, the IFD can be 
tuned to particular vibrational resonances wishing to be investigated by simply 
changing the delay time between pump and Stokes pulses. 
 
The excitation pulses are recombined using a third dichroic beamsplitter with the 
same characteristics as DM1a (DM1b, Fig. 2.8.1.2.) and directed via a home-built 
beam-scanning head into a Nikon Ti-U inverted microscope. For high resolution 
imaging and high collection efficiency, a 1.27 NA x60 water immersion objective 
(Nikon λS series) and a 1.4NA oil condenser equipped with a DIC module (see 
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section 2.8.2.) are used (0.3µm lateral and 0.6µm axial as CARS intensity point-
spread function).  
In terms of detector layout (available both in forward and epi directions), a dichroic 
beamsplitter (Semrock; DM4 in Fig. 2.8.1.2.) allows CARS transmission while 
reflecting the shorter TPF and SHG wavelengths. CARS at the anti-Stokes frequency 
in the CH stretch vibrational range is selected by an appropriate band-pass filter 
(Semrock, 542-582 nm; F1 in Fig. 2.8.1.2.), which rejects the pump and Stokes 
beams. The CARS signal is detected in the forward direction by a Hamamatsu 
H7422-40 photomultiplier tube (PMT1 in Fig. 2.8.1.2.). 
 
3D CARS images were taken as z-stacks over 50 μm depth in 0.5 μm steps. This 
volume and step-size was a result of a compromise made in order to enable imaging 
of as much of the oocyte as possible in a restricted time frame, whilst having a 
reasonable z resolution, and to adhere to strict file size limits at the beginning of the 
project. Later in the project, with faster acquisition times and better equipment for 
larger file sizes, settings were maintained for consistency of measurements and data 
analysis. CARS images in xy were taken with 0.1μm pixel size, typically in a 100 μm 
x100 μm frame, with 0.01 ms pixel dwell time, and time-average total power of ~20 
mW at the sample. Movement of the sample stage and z-objective is provided by 
automated stepper motors (Prior ProScan III). All images were measured at the CH2 
symmetric stretch vibration at ~2850 cm
-1
, abundant in the acyl chain of FAs, and an 
ideal target for single-frequency CARS microscopy of LDs present in the egg or 
embryo. The in-house developed MultiCARS software was used to collect and 
regularise images from the CARS microscope. ImageJ was used to assemble image 
stacks into maximum intensity projections, depth colour-coded projections, merged-
channel stacks and videos. 
 
Hyperspectral imaging is performed by changing the relative delay time between the 
equally linearly-chirped pump and Stokes pulses. A delay stage on the pump beam 
path (PI, M-404.42S; see Fig. 2.8.1.2.) controls the delay time between the pump and 
Stokes beams, in order to shift the IFD. This results in a tuning of the IFD across the 
entire 1200-3800 cm
-1
 vibrational range, owing to the large bandwidth of the Stokes 
pulse (Pope et al. 2013), enabling probing of many biologically-relevant resonances. 
62 
 
In practice, scans were taken between 2600-3800 cm
-1
 in 5 cm
-1
 steps over a 10 µm x 
80-100 µm area, with 0.1 μm pixel size and a pixel dwell time of 0.001 ms, ten times 
less than the single frequency CARS images, to reduce photo-damage and motion 
artefacts. In-house developed MultiCARS software was used to collect and 
regularise images. 
 
TPF imaging of lipid and mitochondrial stains absorbing at ~480nm and emitting at 
510nm ± 40nm, simultaneously with CARS, was possible using the third near-
infrared beam centred around 930 nm (70nm bandwidth) described above. TPF and 
SHG wavelengths (>900nm) are independently optimised in time domain using 
reflecting prisms (Fortune Optronics; see RP in Fig. 2.8.1.2.) to provide Fourier-
limited pulses of approximately 30fs duration at the sample for maximum TPF 
excitation (see Pope et al. 2013).  
TPF in the wavelength range 498-540nm was detected simultaneously with CARS, 
the signal isolated via appropriate dichroic beamsplitters and band pass filters 
(Semrock; DM4, F3 in Fig. 2.8.1.2.) before forward detection by a Hamamatsu, 
H10770A-40 PMT (PMT3, Fig. 2.8.1.2.). The SHG detector was used for imaging of 
autofluorescence, simultaneously with TPF and CARS. Detected in the wavelength 
range 451-487nm using appropriate dichroic beam splitters and band pass filters 
(Semrock; DM4, F2 in Fig. 2.8.1.2.), SHG was collected in the forward direction by 
a third PMT (Hamamatsu, H10721-210; PMT2, Fig. 2.8.1.2.). 
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Fig.2.8.1.2. CARS Microscope Set Up 
Ti:Sa: Titanium Sapphire laser; M: mirror; DM: dichroic mirror; SF57: 0-
60mm glass block; R: reﬂecting mirrors; RP: Reflecting prisms; F: filters. M1= 
directs laser ouput (black line) to DMs; DM1a= reflects >900nm (TPF and 
SHG wavelengths- red line); DM2= splits pump (light blue line) and Stokes 
(green line) beams, and recombines them on their return; SF57= glass block 
of differing lengths, to linearly chirp Stokes to match the pump; R1-3= 
displacing prism reflectors; RP= reflecting prism pair for chirp recompression; 
M2= changes TPF and SHG direction, M3= changes pump and Stokes 
direction; DM1b= recombines TPF, SHG, pump and Stokes beams; M4= 
scan mirrors direct beams into microscope; Output from sample, DM3= 
reflects SHG and TPF, allows anti-Stokes (very light blue line) emission; F1= 
542–582nm; PMT1= H7422-40 for CARS detection; D45= splits SHG (pink 
line) and TPF (orange line); F2= 468–487nm; PMT2= H107210-210 for SHG 
detection; F3= 468–552nm; PMT3= H10721-20 for TPF detection.  
 
 
2.8.2. DIC and Epi-fluorescence Microscopy 
A 1.27 NA x60 water immersion objective (Nikon λS series) and a 1.4NA oil 
condenser were used for high resolution DIC. A motorized sample stage enabled 
lateral xy sample movement and a motorized objective focussing enabled axial z 
movement (Prior ProScan III), and images are acquired by a monochrome CCD 
camera (Hamamatsu Orca-285). 
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3D DIC images were taken with 20 ms frame exposure time and as z-stacks over the 
full cell depth (~70μm) in 0.5μm steps, using the software MicroManager. A 12.5º 
polarisation angle in the de-Senarmont DIC illuminator was used, yielding a 25º 
phase offset, as this is found to be sufficiently small to enable good image contrast 
and sufficiently high to enable quantitative analysis of small phase objects such as 
lipid membranes (McPhee et al. 2013). 
In order to follow LD distribution throughout IVM, DIC images were taken at 
(10min) time points over (24hrs), beginning at GV immediately after release from 
IBMX-induced prophase I arrest. IVM was then imaged overnight (one z plane), and 
ImageJ used for qualitative analysis. 
The microscope is also equipped with epi-fluorescence illumination provided by a 
metal-halide light source (Prior Lumen 200). Epi-fluorescence images are acquired 
by a monochrome CCD camera (Hamamatsu Orca-285). 
 
2.9. Data Analysis 
2.9.1. Aggregation Analysis 
The in-house developed CCDPlot software was used to find the 3D coordinates and 
amplitude maxima of LDs from the single-frequency CARS images. The background 
signal was subtracted, and the square root of the data was calculated to give 
amplitudes proportional to the number of CH2 bonds in the sample. Peaks were fitted 
with a Gaussian function in three dimensions, and their amplitude, xyz width, and xyz 
centre was used to describe the LD. Origin was used to plot these parameters and 
analyse them statistically.  
An Origin script (see Appendix 5) was used to assign an index to LDs separated 
from their nearest neighbour by less than a user-defined value 𝐿, the index being 
identical for all LDs belonging to the same cluster. The occurrence of this index was 
then used to calculate the number of LDs in each aggregate (called aggregate size) 
and the number of aggregates. We found that the optimum parameters to account for 
the observed clustering in the CARS images were obtained by calculating the 
distance between two LDs in resolution units, i.e.  
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𝑑𝑖𝑗 = √((
𝑥𝑖−𝑥𝑗
𝑅𝐿
)
2
+ (
𝑦𝑖−𝑦𝑗
𝑅𝐿
)
2
+ (
𝑧𝑖−𝑧𝑗
𝑅𝐴
)
2
) with 𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 coordinates of the 𝑖-th LD, 
𝑅𝐿 = 0.3µm and 𝑅𝐴 = 0.6µm being the lateral and axial CARS resolution 
respectively, and using  
0 < 𝑑𝑖𝑗 < 𝐿 = 1.5√3  i.e. 𝐿 equal to 1.5 times the distance in resolution units. This 
value was deduced from trial and error, using varying distances between 
neighbouring LDs in the analysis, until the distance 𝐿 = 1.5√3 was found to give the 
correct number of aggregates and their comprising LDs. 
A script was also written to generate a random case of 2000, 4000 or 6000 ‘droplets’ 
within a 50x50x50µm cube, in order to investigate aggregation occurrence in a 
random situation (see Appendix 6). 
 
A simple t-test was performed to initially compare the amount of LD aggregation 
seen in populations of eggs or embryos at differing developmental stages, or under 
different conditions. The total number of isolated LDs (those not in a cluster) within 
an egg or embryo was provided by the algorithm above. Using the total number of 
LDs within the egg or embryo provided by CCDPlot analysis, the percentage of un-
aggregated droplets could be found and compared between populations. Comparison 
was made using Excel. The t-test used was type 2, as the numbers within each 
population of cells varied, and it was two-tailed in order to account for a statistical 
relationship in either direction. The difference between two populations of cells is 
considered significant if the output P value is ≤0.05 (within 95% confidence limits). 
 
In order to more quantitatively compare mean aggregate sizes across different 
developmental stages, the probability 𝑃𝑘 of each size 𝑘 = 1, 2, 3… (including size 1. 
i.e. isolated LDs) was calculated from the histogram of the aggregate size, as 
𝑃𝑘 = 𝑂𝑘/𝑂, where 𝑂 = ∑ 𝑂𝑘𝑘  and 𝑂𝑘 is the occurrence of size 𝑘. The mean square 
aggregate size was then calculated as 〈𝑠2〉 = ∑ (𝑘 − 1)2𝑃𝑘
+∞
𝑘=1  for each egg or 
embryo (where we subtracted 1 to obtain the number of partner LDs in an 
aggregate). Origin was used to plot the square root of 〈𝑠2〉  (√〈𝑠2〉) of all eggs or 
embryos of a given developmental stage, against the total number of LDs at that 
stage. 
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2.9.2. Total Lipid Analysis 
In order to analyse the total amount of lipid at each developmental stage or in each 
cell population, the total lipid amount of each cell was found using a number of the 
parameters given by the in-house developed CCDPlot software (see section 2.9.1).  
The volume of each LD was found by calculating 𝑉𝑖 =  𝑊𝑖𝑥𝑊𝑖𝑦𝑊𝑖𝑧 where 𝑊𝑖 is the 
diameter of the 𝑖-th LD in each xyz dimension given by 3D fitting of the CARS 
amplitude. In order to account for sub-resolution droplets, the amplitude of each 
droplet was normalised to the amplitude of the brightest droplet: 𝐴𝑖/𝐴𝑏 where 𝐴𝑖  is 
the CARS amplitude of the LD (the square root of the CARS intensity), and 𝐴𝑏 
represents the amplitude of the brightest droplet in the entire egg/embryo. This 
normalisation works because the CARS amplitude is proportional to the number of 
bonds within the focal volume (in the regime where the resonant contribution 
dominates). Hence the lipid volume of each droplet (including those which are sub-
resolution) is calculated as the normalised quantity 𝑉𝑖(𝐴𝑖/𝐴𝑏). The total lipid 
amount per egg/embryo is calculated as the sum of the lipid volumes of all LDs: 
〈𝑇𝐿〉 =  ∑(𝑉𝑖(𝐴𝑖/𝐴𝑏)), and the average lipid volume per LD is calculated as: 
〈𝑇𝐿〉/𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝐷𝑠 (〈
𝑇𝐿
𝐿𝐷
〉). The 〈
𝑇𝐿
𝐿𝐷
〉 was found per population, and was 
plotted against total LD number using Origin, in order to compare developmental 
stages and effects of experimental conditions. 
 
2.9.3. Lipid Droplet Size Analysis 
In order to compare mean LD sizes across different developmental stages, the 
volume of each LD was calculated as discussed above in section 2.9.2, i.e. using 
𝑉𝑖𝑛 = 𝑉𝑖(𝐴𝑖/𝐴𝑏). A LD effective diameter was then calculated as 𝑑𝑖  =  (𝑉𝑖𝑛)
1/3. 
The probability 𝑃𝑑𝑖 of each diameter 𝑑𝑖 was calculated from a histogram of the 
diameters of LDs (bins of 1x10
-3
µm) present within that particular egg or embryo, as 
𝑃𝑑𝑖 = 𝑂𝑑𝑖/𝑁, where 𝑁 is the total number of LDs and 𝑂𝑑𝑖 is the occurrence of 
diameter 𝑑𝑖. The mean diameter was then calculated as 〈𝑑〉 = ∑ 𝑑𝑖  𝑃𝑑𝑖𝑖  for each egg 
or embryo. Origin was used to plot the mean 〈𝑑〉 of all eggs or embryos of a given 
developmental stage, against the total number of LDs at that stage. 
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2.9.4. Hyperspectral Image Analysis 
Raman-like spectra were retrieved from CARS spectra using in-house developed 
hyperspectral image analysis (HIA) software (Masia et al. 2015). Hyperspectral 
images were background-corrected by subtracting an image measured under 
identical excitation/detection conditions but with pump and Stokes pulses out of time 
overlap, then were noise-filtered using a singular value decomposition (SVD) 
algorithm on the square root of the CARS intensity to retain only components above 
noise (Masia et al. 2013). CARS intensity ratios were calculated by dividing the 
background-corrected CARS intensity by the corresponding non-resonant CARS 
intensity measured in glass under the same excitation and detection conditions. As 
there is a Kramers-Kronig relationship connecting the real and imaginary parts of the 
CARS signal, a phase-corrected Kramers-Kronig (PCKK) method was developed to 
retrieve the complex CARS third-order susceptibility (χ(3) ) from the CARS intensity 
ratio, normalised to the non-resonant background in glass, and proportional to the 
concentration of chemical components (Masia et al. 2013, Di Napoli et al. 2014a). 
Shown spectra are the retrieved imaginary part of the susceptibility (Im(χ)) 
normalised to the total area, and the software Origin was used to plot these against 
eggs or embryos of the same developmental stage/conditions. 
The spectra were analysed quantitatively by finding the ratio between certain peaks 
seen in spectra from different LDs. For example, the ratio between peaks at ~2930 
cm
-1
 (CH3 and asymmetric CH2) and ~2850 cm
-1
 (CH2), can be used as a measure of 
chain disorder and is expected to be higher in polyunsaturated fatty acids. The ratio 
between peaks at ~3010 cm
-1
 (=CH) and ~2850 cm
-1 
(CH2) can be used as a measure 
of unsaturation, thus is expected to be near zero in saturated fatty acids.  
 
2.9.5. Colocalisation Analysis 
Correlation studies were carried out using an Image J ‘Correlation Threshold’ plug-
in. The Pearson’s correlation coefficient is calculated by coordinate correlation of 
pixels above a certain intensity threshold. Individual thresholds are calculated with 
ImageJ itself as intensities which give a Pearson’s coefficient of 0. The resulting 
Pearson’s coefficient for all pixels above threshold (RColoc) is a number between 0 
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and 1, to show the degree of significant correlation between CARS and TPF images. 
A correlation is accepted with a Pearson’s coefficient of >0.5, but a significant 
correlation is considered with a coefficient of >0.95 (95% statistical confidence 
limit). The output correlation scatter plots show the linear relationship between 
pixels in corresponding CARS (x axis) and TPF (y axis) images. 
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Chapter 3. CARS Imaging of Lipid Droplets 
throughout Mouse Egg/Embryo Development 
 
3.1. Introduction 
 
One of the main aims of this project is to image lipid droplets in living mouse eggs 
and embryos in a label-free, yet chemically-specific manner. The presence of LDs in 
eggs and embryos of certain species has been well characterised using various 
microscopy techniques such as transmission electron microscopy (TEM) and 
fluorescence imaging, especially in pigs, cows and sheep where LDs are large 
(>1µm) and abundant. Interestingly, lipid metabolism in oocytes of these species is 
significant (McEvoy et al. 2000). LDs of mouse and human eggs and embryos, 
however, have been less well investigated. 
Mouse oocytes and embryos are widely used as a model for human egg and embryo 
development, due to their similarities in cell size, cell-cycle timing and processes, 
and fertilisation, to name a few. Oocytes of both species have a clear cytoplasm with 
cytoplasmic inclusions unresolvable through conventional microscopy methods, in 
comparison to the eggs of species such as dogs and pigs, where the cytoplasm is 
opaque with very large lipid droplets (>5µm) (Homa et al. 1986; Apparicio et al. 
2012). It is known that lipid metabolism is in fact occurring in both human and 
mouse eggs and embryos, and that the presence of lipids in their TAG and FFA 
forms are vital for successful development (Dumollard et al. 2007; Dunning et al. 
2011). However, a quantitative investigation of the LDs themselves, their size, 
content and spatial distribution throughout development in living eggs and embryos 
is still lacking. 
Traditionally, the lipid content of mammalian oocytes and embryos has been 
destructively analysed by means such as mass spectrometry and chemical extraction 
(Apparicio et al. 2012; Ferreira et al. 2010; McEvoy et al. 2000; Loewenstein and 
Cohen, 1964), fluorescence investigation of TAG hydrolysis (Sturmey and Leese, 
2003; Ferguson and Leese, 1999), and invasive techniques of imaging of the LDs 
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such as TEM, and fluorescent lipid stains (Romek et al. 2009; Genicot et al. 2005; 
Crocco et al. 2013; Ordonez-Leon et al. 2014). While these previous efforts to image 
LDs in mammalian eggs and embryos have provided evidence of LDs in these cell 
types, they are inadequate to give sufficient quantitative information about the 
presence of lipids in eggs. TEM methods, and levels of fluorescence emission are 
unable to give a precise or absolute measure of the amount of lipid present in a 
sample. Fluorescent dyes are also often unspecific in their staining pattern. 
Furthermore, all previous efforts are unable to be reproduced in living cells, and less 
invasive techniques of analysis are required. 
Harmonic Generation Microscopy (HGM) is an emerging multiphoton technique 
which can image cells label-free, through measurement of second and third harmonic 
generation of light (SHG and THG, respectively) (Thayil et al. 2011). However, 
these are not chemically specific, and rely on specific geometries (lack of inversion 
symmetry) of the structures to be imaged (SHG) or on the presence of interfaces 
(THG). THG has been applied to image LDs in mouse eggs by Watanabe et al. 
(2010), however they did not resolve individual droplets, causing multiple droplets 
to appear as one large, yet not spherical, droplet. 
One important motivation behind our aim to visualise individual LDs in living 
mouse and human eggs or embryos in a chemically specific way is the idea that the 
LD spatial distribution, and chemical content, could give an indication of the 
metabolic state of the egg or embryo, allowing for a method of quality assessment. In 
clinical practise, eggs and embryos are assessed primarily by their morphology. 
However, it is difficult to draw conclusions as to the quality of oocytes, eggs or 
embryos simply from their morphology. This is a shortcoming of typical methods of 
egg or embryo assessment used in assisted reproduction. As previously described in 
Chapter 1 (section 1.2.3.), an egg or oocyte may be considered to be of ‘abnormal’ 
morphology, or ‘bad quality’ if they have an abnormal (i.e. non-spherical) shape, a 
large-perivitelline space, or a particularly granular cytoplasm. Embryos that become 
fragmented or arrested in their mitotic cycle may give an example of ‘bad quality’ 
specimens. These can be compared with normal-looking ‘healthy’ eggs and embryos, 
but it is unclear how correct and reliable this method may be.  
Demonstration of a central GV versus a non-central GV is considered to be a valid 
measure of oocyte quality, a central GV conferring a higher developmental potential 
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(Bellone et al. 2009; Brunet and Marot, 2007). While the neat arrangement of 
chromosomes forming a ring around the nucleolus in a GV oocyte, revealed by 
Hoechst staining, has also been found to be an indicator of developmental potential, 
the use of fluorescent stains such as Hoechst defeats the idea of a non-invasive 
quality detection method, and cannot be used in clinical practise. (Bellone et al. 
2009; Bouniol-Baly et al. 1999). The analysis of GV oocytes in reproductive 
treatments would mean they would subsequently require in vitro maturation (IVM) 
before fertilisation. It is commonly thought that IVM yields MII eggs of a poorer 
quality than those matured naturally within the mother. While culture media are 
designed to provide the nourishment maturing oocytes need, it can be argued that the 
handling and light exposure they are subjected to, and the unnatural media 
environment, is inferior compared to a natural maturation (Rizos et al. 2002, 
Gilchrist and Thompson, 2007). Despite the fact miscarriage rates are higher after 
IVM, it has been found that healthy offspring can result from IVM (Eppig et al. 
2009). Overall, there is a clear need for better methods of assessing egg and embryo 
quality reliably and quantitatively.  
Raman spectro-microscopy is a label-free imaging technique that has been 
implemented to investigate lipid content of oocytes and embryos (Davidson et al. 
2012), however, this method requires sample fixation. CARS microscopy is a label-
free, multiphoton imaging technique, compatible with live cell imaging, that has the 
advantage of being chemically-specific. CARS has previously been used to image 
lipids in other cell types, and multiple species (Hellerer et al. 2007; Wang et al. 
2009). Thus, we proposed that CARS could be used to non-invasively and 
qualitatively investigate the distribution of LDs within living mouse oocytes, eggs 
and embryos, and methods could be devised of quantitatively assessing LD number, 
size and distribution, as well as lipid content. 
 
As shown in the following results sections, CARS imaging of oocytes from the GV 
stage throughout development to the embryonic blastocyst stage allowed vast 
amounts of qualitative and quantitative information to be accumulated, giving 
unprecedented insight into the lipid content of a previously unsuccessfully 
investigated species, and enabling a broad scope of further investigation. 
Comparison of CARS images of ‘healthy’ oocytes, eggs and embryos with abnormal 
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eggs or arrested embryos gave information as to the links between LD distribution 
and quality assessment, and imaging of alternative species also allowed a 
comparison between LDs of cells with metabolic states known to differ.  
 
3.2. Germinal Vesicle- and MII-Arrested Stages 
Qualitative CARS Analysis 
In order to examine the lipid content of mouse eggs and embryos of different stages, 
DIC and CARS z-stacks were taken throughout the majority of the egg/embryo 
volume. High magnification DIC microscopy enables identification of distinct 
characteristics and assessment of the general morphology of an egg embryo, 
enabling assessment of the egg’s developmental stage, and general well-being prior 
to further imaging. Taking CARS z-stacks throughout cells at different 
developmental stages allowed chemically-specific visualisation and characterisation 
of the size and distribution of LDs present in the cytoplasm throughout development. 
Owing to the high NA of the objective used (1.27), we were able to image LDs with 
high spatial resolution (0.3µm lateral, 0.6µm axial). A 50μm volume was chosen for 
practicality of timing and consistency, and included the majority of the LDs present 
to be imaged with CARS. High magnification z-stacks are taken throughout an egg 
at a vibrational resonance of 2850cm
-1 
in order to visualise the cellular lipid content. 
An image taken when there is no time overlap of pump and Stokes pulses (see 
Appendix 7) shows a small background (that is eventually subtracted from the 
CARS image- see Chapter 2, section 2.9.) and confirms that the signal collected at 
2850cm
-1
 is CARS of highly aggregated CH2 bonds. CARS images were compiled 
into a depth colour-coded z-stack projection of a CARS stack through an entire cell, 
clearly showing the droplets and their spatial distribution.  
 
DIC images taken of an immature oocyte demonstrate its clearly visible GV 
containing the nucleus, its zona pellucida surrounding the entire cell, and multiple 
unidentifiable cytoplasmic inclusions. Fig.3.2.1. (A) shows a single z-plane image 
through the approximately equatorial plane of GV oocyte, displaying these features. 
Inclusions within the cytoplasm are consistently seen in all cells imaged, but not 
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chemically identifiable by DIC alone. Examination of CARS images throughout a 
GV oocyte, shows that the lipids within these cells are assembled into roughly 
uniformly-sized lipid droplets (~0.5µm diameter, for a quantitative LD size analysis 
see section 3.4 and Fig.3.4.4) scattered apparently homogenously throughout the 
cytoplasm, but not within the GV itself (Fig.3.2.1. (B)).  
 
In comparison, DIC images of mature MII eggs enables visualisation of common 
features such as the polar body, and often the metaphase spindle. Again, the 
cytoplasm is seen to include many unidentifiable vesicles (indicated in the inset, 
Fig.3.2.1. (C)). CARS imaging of MII eggs reveals ~0.5µm diameter LDs assembled 
into clusters, with a spatial distribution appearing very different to the distribution 
seen in GV oocytes (Fig.3.2.1. (D)). These aggregations are formed by several 
resolvable individual droplets (indicated in the inset, Fig.3.2.1. (D)). Single LDs and 
LD clusters are distributed throughout the entire volume of the egg, with seemingly 
no bias towards any side, the centre or the periphery. 
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Fig.3.2.1. DIC and CARS Imaging of GV and MII Stage Mouse Eggs 
(A) and (C) Single-plane (approximately equatorial) DIC images of representative of 
(A) immature GV stage oocytes (n=~90) and (C) mature MII eggs (n=~70) using a 
1.27 NA water objective and a 1.4 NA oil condenser. Inset in (C) shows an 
unidentified cytoplasmic vesicle cluster. (B) and (D) Depth colour-coded images of 
CARS z-stacks at wavenumber 2850cm-1 through the same eggs, showing LDs at 
these developmental stages. Inset in (D) shows a typical LD cluster seen at this 
stage. 0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW 
(~9mW) Pump (Stokes) power at the sample. Scale bars represent 10µm; colour 
bar shows depth colour-coding from -25µm-25µm of 101 z-stacks (0µm being the 
approximately equatorial plane of the egg), the brightness of each colour is the 
maximum intensity at each corresponding z-plane. Data from ≥2 trials, using 1-3 
mice each. 
 
Imaging of GV oocytes before and after in vitro maturation (IVM) to MII eggs 
provides further evidence of this clustering phenomenon (Fig.3.2.2.). GV oocytes 
were washed out of GV-arresting IBMX media, and imaged immediately with both 
DIC and CARS (Fig.3.2.2. (A-B)). Oocytes were then allowed to mature overnight 
(~16hrs) in a heated chamber before imaging again the next morning, once MII stage 
had been reached (Fig.3.2.2. (C-D)). As described before, CARS images showed that 
GV oocytes prior to maturation appeared to contain fewer aggregations of LDs 
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(Fig.3.2.2. (B)), whereas, after maturation, the LDs of these same eggs appear to 
have changed conformation and become a lot more clustered (Fig.3.2.2. (D)).  
 
Fig.3.2.2. DIC and CARS Imaging of the same Mouse Egg at GV and MII Stage, 
before and after in vitro Maturation 
(A) and (C) Single z-plane DIC using a 1.27 NA water objective and a 1.4 NA 
oil condenser; and (B) and (D) depth colour-coded images of CARS stacks at 
wavenumber 2850cm-1, of an egg before (A and B) and after (C and D) in 
vitro maturation, showing that development can still occur after live imaging 
with CARS (n=40). 0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell 
time; ~13mW (~9mW) Pump (Stokes) power at the sample. Scale bars 
represent 10µm; colour bar shows depth colour-coding from -25µm-25µm 
(0µm being the equatorial plane). Data from >5 trials, using 1-3 mice each. 
 
 
Following identification of lipid vesicles allowed by the CARS measurements 
observed above, it was possible to observe changes in LD distribution using DIC 
alone. Time-lapse DIC images were taken during the ~16hrs allowed for IVM, after 
washing GV oocytes out of IBMX, and images were compiled into a film clip 
(Fig.3.2.3.). LDs were very motile during cell maturation events, and vesicles went 
in and out of the plane of focus, however, it is possible to follow a number of LDs 
D B 
76 
 
between frames, and it is possible to visualise clusters of droplets forming in the later 
stages. 
 
Fig.3.2.3. DIC Following Aggregation of Lipid Droplets during in vitro 
Maturation from GV to MII stage 
2D video of a GV oocyte maturing to an MII egg over 22 hours. Images were 
taken every 10 minutes. Video is shown at 7 frames per second. Please scan 
the QR code above using your smart phone camera (you may need to install 
a QR Code Reader. Alternatively, video can be accessed at: 
https://www.youtube.com/watch?v=lgy1XVZSlp4 
 
 
Quantitative CARS Analysis 
The in-house developed software, CCDPlot was used to fit the CARS signal peaks 
given by individual LDs in the imaged 3D volume, providing output parameters such 
as the 3D co-ordinates of the centre of each droplet and the LD diameter. These 
output parameters can be further quantitatively analysed using Origin software (see 
Chapter 2, section 2.9.1.). It was revealed using this method that the number of LDs 
in each cell differed greatly, usually ranging from ~1000 - ~6000 droplets. 
In order to quantitatively analyse the LD clusters seen within the qualitative CARS 
images, an algorithm (see Appendix 5) was developed to utilise the output 
parameters from CCDPlot analysis, in order to count the number of clusters and the 
total number of droplets within each of these aggregates. A droplet was considered 
as being part of a cluster when its distance to its nearest neighbouring LD was less 
than 1.5 times the 3D spatial resolution, consistent with the experimental observation 
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of distance distribution in aggregates containing many droplets (see Chapter 2, 
section 2.9.1.). Results of this analysis are shown in Fig.3.2.4., where the numbers of 
LDs comprising a cluster were plotted as a histogram against the number of 
occurrences of that particular size of cluster, allowing direct comparison between 
eggs and embryos of the same developmental stage or between each other. GV 
oocytes prove to have aggregates containing mostly between 2 and 10 LDs, with 
~60-70% of LDs being separate and singular (Fig.3.2.4. (A)). Comparing this to MII 
eggs, we typically see several clusters of more than 10 LDs, with between only ~30-
50% of droplets isolated (Fig.3.2.4. (B)). Notably, we observe the same phenomenon 
even within the same egg when comparing before and after in vitro maturation 
(Fig.3.2.4. (C-D)). These results were compared to a simulated case of random 3D 
spatial distribution of 2000, 4000 or 6000 droplets in a 50µm x 50µm cube, as these 
were the typical ranges observed experimentally (see Figure 3.2.5. and see Appendix 
6 for algorithm). These simulations resulted in 94%, 88% and 83% isolated droplets, 
respectively. Comparison of our experimental results with these simulations 
indicated that the distribution and aggregations of LDs seen in oocytes/eggs are not 
random. 
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Fig.3.2.4. Histograms of Lipid Droplet Aggregation in GV and MII Stage 
Mouse Eggs, before and after in vivo Maturation, and before and after in 
vitro Maturation 
Histograms of the number of LDs making up clusters in (A) a GV oocyte 
(n=33), (B) an MII egg matured in vivo (n=20), (C) a GV oocyte before in vitro 
maturation, and (D) an MII egg after in vitro maturation (n=10), 
demonstrating the change in LD distribution over time. Total number of LDs 
and total number of un-clustered LDs are also indicated. 
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Fig.3.2.5. Histograms of ‘Lipid Droplet Aggregation’ in a case of 2000, 4000, 
and 6000 ‘Droplets’ Randomly Distributed in a 50µm x 50µm cube 
Histograms of algorithm-generated random distributions of typical numbers 
of ‘droplets’: (A) 2000 droplets, (B) 4000 droplets, and (C) 6000 droplets. 
 
 
Simple t-test statistical analysis of the percentage of isolated droplets within all GV 
oocytes imaged and all MII eggs imaged shows a significant difference (P value of 
0.025) between these two stages of development. Further quantitative analysis of the 
clustering of LDs was performed, allowing us to reliably compare the extent of 
aggregation between cells and populations of cells. The square root of the mean 
squared aggregate size (√〈𝑠2〉) (defined as detailed in Chapter 2, section 2.9.1.) was 
calculated for each individual egg and, in turn, for each population of GV oocytes, 
and MII eggs. Figure 3.2.6. shows a two-dimensional plot of √〈𝑠2〉 against the total 
number of LDs, where the distribution of these two variables for each population 
representing a particular developmental stage is plotted as an average (symbol) and 
standard deviation (bar). Although there is a substantial variability within each 
group, the MII group (red circle) is distinguished through larger values of √〈𝑠2〉 than 
those seen at GV stage (black square). Comparing these with the simulated random 
distributions (cyan, magenta and orange points), the average √〈𝑠2〉 in random 
distributions is below that observed experimentally in each group. Therefore, even 
though less aggregations are seen in the GV stage, they still show more LD 
clustering than expected from a random distribution, suggesting a physiological 
reason or cause for LD aggregation. 
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Fig.3.2.6. Scatter plot of Extent of Lipid Droplet Aggregation ( √〈𝒔𝟐〉 ) in GV 
and MII stage Mouse Eggs  
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) against 
the total number of LDs, in ensembles of GV oocytes (n=33) and MII eggs (n=30), 
against random distributions of 2000, 4000 and 6000 droplets. The distribution of 
each variable in the corresponding ensemble is shown as an average (symbol) and 
standard deviation (bar). 
 
It was also possible to assess the volume of LDs using the LD width in xyz given by 
CCDPlot. To account for sub-resolution droplets, the amplitude of the CARS signal 
(square root of the CARS intensity- see Chapter 2, section 2.9.2.) obtained from each 
droplet within the measured sample was normalised to the amplitude of the brightest 
droplet. From the volume of each lipid droplet, the total lipid amount (sum of LD 
volumes) per egg can be calculated (〈𝑇𝐿〉), as well as the average lipid amount per 
droplet (〈
𝑇𝐿
𝐿𝐷
〉) (see definitions in Chapter 2, section 2.9.2.). The mean and standard 
deviation of the 〈
𝑇𝐿
𝐿𝐷
〉 was calculated per population, allowing this to be plotted 
against the total LD number. Fig.3.2.7. shows a scatter plot of the 〈
𝑇𝐿
𝐿𝐷
〉 against the 
total number of LDs at each developmental stage. Within the shown standard 
deviation, there is little difference in 〈
𝑇𝐿
𝐿𝐷
〉 between the GV (black square) and MII 
(red circle) stages. It could be noted that on average there is less total lipid in the GV 
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stage due to a lower mean total LD number, although the difference is within the 
standard deviation of the distributions for the total LD number. 
Fig.3.2.7. also shows that when comparing 〈
𝑇𝐿
𝐿𝐷
〉 in the same cell developing from GV 
(orange triangle) to MII (violet hexagon) stages, there is almost no difference 
between the amount of lipid in the two developmental stages. In this case, the total 
number of LDs appears to decrease as development continues in the same egg from 
its GV stage to its MII stage. This occurs even though the total number of LDs at 
MII is on average slightly higher than in the GV stage, as mentioned above. It is also 
notable that MII eggs after maturation in culture have a slightly higher total number 
of LDs than MII eggs matured in vivo (see section 3.3. below). 
 
 
Fig.3.2.7. Scatter plot of the Total Lipid Amount per LD (〈
𝑻𝑳
𝑳𝑫
〉) of Populations 
of Mouse Eggs and Early Embryos 
Scatter plot of the total amount of lipid per droplet (〈
𝑇𝐿
𝐿𝐷
〉) in populations of GV 
oocytes (n=33), MII eggs (=30), 2Cell stage embryos (n=10), 4Cell stage 
embryos (n=8). The MII population is split into sub-ensembles of in vivo 
matured MII eggs (n=20) and in vitro matured MII eggs (n=10). Also shown 
are the same oocytes before (GV) and after (MII) IVM (n=4). The distribution 
of each variable in the corresponding ensemble is shown as a mean 
(symbol) and standard deviation (bar). 
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3.3. In vivo vs. in vitro Maturation 
 
This project allowed the difference in LD distribution between MII eggs matured in 
vivo and those matured in vitro to be investigated. GV oocytes collected and matured 
in MEM overnight were imaged with DIC and CARS microscopy the following day, 
once the MII stage (confirmed by the presence of a PB, n= 40/47) was reached. 
Some GV oocytes were imaged before maturation, and others were not, in order to 
compare the two groups. 
Depth colour-coded images of CARS z-stacks show that IVM yields MII eggs with a 
similar distribution of aggregated LDs to those matured in vivo, whether they were 
imaged before maturation or not (Fig.3.3.1.). Quantitative and statistical analysis of 
LD distribution gives a clear idea of how maturation in vitro affects LD 
characteristics, as there is seen to be very little or insignificant differences in droplet 
distribution between MII eggs matured in vitro versus those matured in vivo 
(Fig.3.3.2.). A simple t-test comparing the aggregation of the two populations of MII 
eggs provided a P value of 0.599, thus it is assumed that IVM has negligible effect 
on the metabolic state of the egg where LD patterns are concerned. 
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Fig.3.3.1. DIC and CARS Imaging of MII Stage Mouse Eggs, After in vitro and 
in vivo Maturation 
(A), (C) and (E) Single-plane (approximately equatorial) DIC images of 
representative of (A) MII eggs matured in vivo (n=20), (C) MII eggs imaged 
with CARS before and after maturation in vitro (n=4), and (E) MII eggs that 
were not imaged with CARS prior to maturation in vitro (n=6) using a 1.27 NA 
water objective and a 1.4 NA oil condenser. (B), (D) and (F) Depth colour-
coded images of CARS z-stacks at wavenumber 2850cm-1 through the same 
eggs, showing LDs. 0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel 
dwell time; ~14mW (~9mW) Pump (Stokes) power at the sample. Scale bars 
represent 10µm; colour bar shows depth colour-coding from -25µm-25µm of 
101 z-stacks (0µm being the approximately equatorial plane of the egg), the 
brightness of each colour is the maximum intensity at each corresponding z-
plane. Data from ≥2 trials, using 1-3 mice each. 
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Fig.3.3.2. Histograms of Lipid Droplet Aggregation in GV and MII Stage 
Mouse Eggs, After in vitro and in vivo Maturation 
Histograms of the number of LDs making up clusters in (A) an MII egg 
matured in vivo (n=20), (B) an MII egg imaged with CARS before and after 
maturation in vitro (n=4), and (C) an MII egg that was not imaged with CARS 
prior to maturation in vitro (n=6). Total number of LDs and total number of 
un-clustered LDs are also indicated. 
 
 
A comparison of √〈𝑠2〉  for each in vivo and in vitro population of eggs also gave no 
indication of a significant difference in the distribution of LDs between the two, as 
shown in Fig.3.3.3. There is a difference seen in the  √〈𝑠2〉 of eggs imaged before 
and after maturation compared to those only imaged afterwards, however this is not 
significant, as the values are within SDs. It is possible that the slightly higher 
number of LDs observed in the in vitro matured population may be significant, due 
to the difference in conditions between maturation in the follicular fluid versus 
maturation in fatty acid- containing culture medium. However, there was a noted 
difference between the total LD number within the same cells imaged before and 
after IVM. It appears that during this maturation, despite the presence of fatty acids 
in the culture media, (conjugated to the BSA added) the number of LDs decreases by 
approximately 40% (the mean LD loss was calculated as 42%).  
Comparison of the lipid amount per LD (〈
𝑇𝐿
𝐿𝐷
〉) in both in vivo and in vitro matured 
eggs shows that there is very little difference between the two conditions (Fig.3.2.7.). 
It may be noted that there is a slightly higher 〈
𝑇𝐿
𝐿𝐷
〉 in eggs matured in vivo (cyan 
diamond), while the group of eggs matured in vitro (magenta triangle) have less lipid 
per LD, but an overall higher total number of LDs. MII eggs matured in vitro after 
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being imaged with CARS in their GV stage (violet hexagon) have a lower 〈
𝑇𝐿
𝐿𝐷
〉, and 
fewer droplets, but results are still within the SDs. 
 
 
 
Fig.3.3.3. Scatter plot of the Extent of Lipid Droplet Aggregation in GV and 
MII Stage Mouse Eggs ( √〈𝒔𝟐〉 ), Compared with MII Stage Eggs Imaged 
Before and After in vitro Maturation  
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) 
against the total number of LDs, in ensembles of GV oocytes (n=33), MII 
eggs (n=30), MII eggs matured in vitro (IVM) (n=10), MII eggs imaged with 
CARS before being matured in vitro (n=4), MII eggs that were not imaged 
prior to being matured in vitro (n=6), and MII eggs matured in vivo (n=20). 
The distribution of each variable in the corresponding ensemble is shown as 
an average (symbol) and standard deviation (bar).  
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3.4. 2Cell and 4Cell Early-Embryo Stages 
 
In vivo fertilisation was carried out by mating male and female mice overnight after 
female superovulation. Culture of collected embryos (see Chapter 2, section 2.3.3.) 
for 24hrs yielded 2Cell stage embryos, and culture for 48hrs allows development of 
4Cell stage embryos, available for imaging. DIC imaging of 2Cell stage embryos 
allowed visualisation of both cells, their cytoplasm and nuclei, surrounded by the 
zona pellucida (Fig.3.4.1. (A)). Subsequent CARS imaging revealed that LDs in 
2Cell-stage embryos appear to have a similar distribution as those in MII eggs, with 
widely-distributed clusters, which can be seen in both DIC images, and CARS 
projections (Fig.3.4.1. (B)). Droplets still appear to be of a similar size confirmed 
later by lipid droplet size analysis, and they occupy the entire cytoplasmic space, 
excluding the nucleus. Quantitative analysis of 2Cell embryo CARS stacks show 
aggregation patterns similar to both GV oocytes and MII eggs, with multiple large 
aggregations (made up of >10 LDs), but with a percentage of isolated LDs at around 
60% (Fig.3.4.2. (A)). A simple t-test on the percentage of isolated droplets reveals 
that there is a significant difference between LD distribution in 2Cell embryos and 
MII eggs (P= 0.027). Comparing 2Cell embryos and GV oocytes shows an 
insignificant difference (P= 0.645) indicating a more GV-like LD distribution at this 
early embryonic stage. Comparing the √〈𝑠2〉 of 2Cell embryos and MII eggs also 
shows a slight difference between the aggregations of LDs in the two developmental 
stages, revealing that the extent of aggregation in 2Cell embryos is more similar to 
that of GV oocytes (see Fig.3.4.3.). 
 
The 4Cell stage embryos are identifiable by brightfield microscopy, and further 
detail is revealed by DIC imaging (Fig.3.4.1. (C)). CARS projections show the 
distribution of LDs throughout these embryos, obviously dispersed throughout each 
of the cells, but again with seemingly fewer clusters than seen in the previous 
developmental stages (Fig.3.4.1. (D)). Quantitative aggregate analysis confirms that 
some clusters still remain, and a percentage of isolated droplets similar to MII eggs 
is seen (Fig.3.4.2. (B)). A simple t-test on the percentage of isolated LDs shows that 
there is a significant difference between this developmental stage and the previous 
2Cell stage (P = 0.029), and the distribution is more like that of MII eggs (P = 
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0.635). Plotting √〈𝑠2〉  for this developmental stage allows for comparison of these 
populations with earlier stage oocytes/eggs, demonstrating that, like 2Cell embryos, 
the LDs within 4Cell embryos are less clustered than those in eggs at the MII stage 
(Fig.3.4.3.). 
 
 
 
Fig.3.4.1. DIC and CARS Imaging of 2Cell and 4Cell Mouse Embryos  
(A) and (C) Single-plane (approximately equatorial) DIC images of 
representative (A) 2Cell stage embryos (n=~65) and (C) 4Cell stage embryos 
(n=~60) using a 1.27 NA water objective and a 1.4 NA oil condenser. (B) and 
(D) Depth colour-coded images of CARS z-stacks at wavenumber 2850cm-1 
through the same embryos, showing LDs at these developmental stages. 
0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW 
(~9mW) Pump (Stokes) power at the sample. Scale bars represent 10µm; 
colour bar shows depth colour-coding from -25µm-25µm of 101 z-stacks 
(0µm being the approximately equatorial plane of the egg), the brightness of 
each colour is the maximum intensity at each corresponding z-plane. Data 
from ≥2 trials, using 1-3 mice each. 
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Fig.3.4.2. Histograms of Lipid Droplet Aggregation in 2Cell and 4Cell Mouse 
Embryos 
Histograms of the number of LDs making up clusters in (A) a 2Cell stage embryo 
(n=10), and (B) a 4Cell stage embryo (n=8). Total number of LDs and total number 
of un-clustered LDs are also indicated. 
 
 
Fig.3.4.3. Scatter plot of the Extent of Lipid Droplet Aggregation throughout 
Mouse Egg and Early Embryo Development ( √〈𝒔𝟐〉 ) 
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) against 
the total number of LDs, in ensembles of GV oocytes (n=33), MII eggs (n=30), 2 
Cell stage embryos (n=10) and 4 Cell stage embryos (n=8). The distribution of each 
variable in the corresponding ensemble is shown as a mean (symbol) and standard 
deviation (bar). The case of a random LD distribution simulated for a range of total 
number of LDs is also shown for comparison. 
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As already mentioned, the fit analysis with CCDPlot also provides the size of 
individual LDs, allowing comparison of LD diameters across developmental stages. 
Figure 3.4.4. shows a scatter plot of the mean LD diameter in populations of oocytes, 
eggs and embryos. This is calculated from the LD volume (using the LD width 
parameters in x, y and z obtained from CCDPlot) normalised to the CARS signal 
amplitude to account for sub-resolution droplets (see Chapter 2, section 2.9.3.). 
Histograms were made of all LD diameters within an egg (an example is given in 
Fig.3.4.4. (A)), which enabled the mean LD diameter per egg and per population to 
be found.  LDs seen in all populations of early developmental stages show a 
relatively narrow LD size distribution around a mean value of 0.5µm (Fig.3.4.4. 
(B)). Also observed is that there appears to be a net increase in the mean total LD 
number as development continues. The mean total LD number in GV oocytes is 
around 2000, which increases to ~2500 in MII eggs, ~3000 are seen in 2Cell 
embryos, and this increases to ~5000 by the 4 Cell stage. The 〈
𝑇𝐿
𝐿𝐷
〉 of 2Cell (green 
triangle) and 4Cell (dark blue triangle) embryos are shown in Fig. 3.2.7. Again, very 
little difference is seen, however, it appears 4Cell embryos contain more lipid than at 
the 2Cell stage due to the higher number of total LDs.  
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Fig.3.4.4. Scatter plot of the Mean Lipid Droplet Size in Populations of Mouse 
Eggs and Early Embryos 
(A) Histogram of LD sizes within a representative MII egg from which 
diameters were calculated. Bin size = 1x10-3. (B) Scatter plot of the diameter 
of LDs in µm (〈𝑑〉) against the total number of LDs, in ensembles of GV 
oocytes (n=33), MII eggs (n=30), 2Cell stage embryos (n=10) and 4 Cell 
stage embryos (n=8) to show the consistency of LD size across early 
developmental stages. The distribution of each variable in the corresponding 
ensemble is shown as a mean (symbol) and standard deviation (bar).  Data 
is from multiple trials, using 1-3 mice for each. 
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3.5. 8Cell, Morula and Blastocyst Early-Embryo Stages 
 
Culture of in vivo fertilised embryos for 3 days yields embryos developed to the 
8Cell stage. Fig.3.5.1. (A) shows a maximum projection of the DIC stack through an 
8Cell embryo, in order to visualise more of the cells present. CARS projections of 
8Cell embryos show the LDs in a number of these cells (Fig.3.5.1. (B)). It is clear 
that the LDs are distributed throughout the cells as before, but there is also a notable 
presence of larger LDs than previously seen (indicated by arrows in Fig.3.5.1. (B)). 
Further to this observation, it was found that 16-32Cell morula stage embryos that 
are achieved after 4 days in culture contain LDs that are much larger and varying in 
size. Interestingly, these were visible in DIC images of embryos at this stage 
(Fig.3.5.1. (C)) as well as being chemically revealed using CARS (Fig.3.5.1 (D)). 
DIC and CARS imaging of blastocyst stage embryos- after 5 days in culture- also 
show this same phenomenon (Fig.3.5.1. (E-F)). It is apparent that there are much 
fewer overall droplets throughout these later early-embryo stages, and although 
small droplets are still present and some show aggregation e.g. as seen in the cells of 
the trophectoderm of the blastocyst embryo (Fig.3.5.1. (F)), the dominating LDs are 
very large and singular. This suggests that, as development continues, coalescence of 
small LDs occurs. A comparison of DIC and CARS images across all pre-
implantation developmental stages can be seen in Fig.3.5.2. 
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Fig.3.5.1. DIC and CARS Imaging of 8Cell, Morula and Blastocyst Stage Mouse 
Embryos  
(A), (C) and (E) Single-plane (approximately equatorial) DIC images of 
representative of (A) 8Cell stage embryos (n=~10), (C) Morula stage 
embryos (n=~35), and (E) Blastocyst stage embryos (n=~20) using a 1.27 
NA water objective and a 1.4 NA oil condenser. (B), (D) and (F) Depth 
colour-coded images of CARS z-stacks at wavenumber 2850cm-1 through 
the same embryos, showing LDs at these developmental stages. In (B) 
examples of larger droplets in the 8Cell embryo are indicated. 0.1x0.1µm xy 
pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW (~9mW) Pump 
(Stokes) power at the sample. Scale bars represent 10µm; colour bar shows 
depth colour-coding from -25µm-25µm of 101 z-stacks (0µm being the 
approximately equatorial plane of the egg), the brightness of each colour is 
the maximum intensity at each corresponding z-plane. Data from ≥2 trials, 
using 1-3 mice each. 
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Fig.3.5.2. DIC and CARS Images Throughout Mouse Egg and Early Embryo 
Development  
(A-G) DIC images (Single z-plane, except E which is a maximum intensity 
projection) representative of populations of mouse eggs and embryos, from 
(A) immature GV stage (n=~90), (B) MII eggs (n=~70), (C) 2Cell (n=~65), (D) 
4Cell (n=~60), (E) 8Cell (n=~10), (F) morula (n=~35) and (G) blastocyst 
stage (n=~20) embryos using a 1.27 NA water objective and a 1.4 NA oil 
condenser. (H-N) Depth colour-coded images of CARS z-stacks at 
wavenumber 2850cm-1 through the same eggs and embryos, showing LDs 
throughout these developmental stages. 0.1x0.1µm xy pixel size; 0.5µm z-
step; 0.01ms pixel dwell time; ~14mW (~9mW) Pump (Stokes) power at the 
sample. Scale bars represent 10µm; colour bar shows depth colour-coding 
from -25µm-25µm of 101 z-stacks (0µm being the approximately equatorial 
plane of the egg/embryo), the brightness of each colour is the maximum 
intensity at each corresponding z-plane. Data from ≥2 trials, using 1-3 mice 
each 
 
 
Quantitative analysis of these later early-embryo stages using CCDPlot was thus far 
not possible, due to the fact that the larger droplets resulted in a plateaued intensity 
profile, rather than a Gaussian profile, not included in the CCDPlot fitting algorithm 
in the present form. Similar observations were made in all morulae and blastocysts 
imaged with both CARS (morula n=~35; blastocyst n=~20) and DIC (morula n=~35; 
blastocyst n=~36), and are likely to be statistically significant. 
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3.6. Abnormal Oocytes, Eggs and Arrested Embryo Stages 
Central GV vs. Non-Central GV Oocytes 
GV position was compared with LD distribution and aggregation, in order to observe 
whether the previously-conceived measures of GV oocyte developmental potential 
correlate with particular LD distribution patterns. Results gave no indications of a 
link between the two. Both GV oocytes with a ‘central’ GV (Fig.3.6.1. (A)) and 
those with a ‘non-central’ GV (Fig.3.6.1. (B) showed very little difference in LD 
distribution (Fig.3.6.1. (C) and (E), and (D) and (F), respectively). A simple t-test 
performed on the percentages of individual LDs in populations of GV oocytes with 
central (n=14) versus non-central (n=19) GVs reveals that there is no significant 
difference between the two groups (P value= 0.453). Comparison of √〈𝑠2〉 of the 
two populations of cells (Fig.3.6.4.) reveals very little difference between the two, 
those with a central GV (green point) having a slightly higher total number of 
droplets than the non-central GV group (dark blue point), but the difference is well 
within standard deviations. As well as showing no difference in LD aggregation, the 
lipid amount per LD (〈
𝑇𝐿
𝐿𝐷
〉) of central GV versus non-central GV oocytes appears to 
be very similar. Figure 3.6.5. shows that non-central GV oocytes (yellow star) have a 
slightly higher 〈
𝑇𝐿
𝐿𝐷
〉 than central GV oocytes (violet hexagon), but slightly lower total 
number of LDs per egg, all within SDs. 
 
 
95 
 
 
Fig.3.6.1. DIC and CARS images, and Histograms of Lipid Droplet 
Aggregation in GV Oocytes with a Central or Non-Central GV 
(A) and (B) DIC Single-plane (approximately equatorial) DIC images of 
representative of (A) GV oocytes with a ‘central’ GV (n=14), and (B) GV 
oocytes with a ‘non-central’ GV (n=19) using a 1.27 NA water objective and a 
1.4 NA oil condenser. (C) and (D) Depth colour-coded images of CARS z-
stacks at wavenumber 2850cm-1 through the same cells, showing LDs. 
0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW 
(~9mW) Pump (Stokes) power at the sample. (E) and (F) Histograms of the 
number of LDs making up clusters in these same oocytes. Total number of 
LDs and total number of un-clustered LDs are also indicated. Scale bars 
represent 10µm; colour bar shows depth colour-coding from -25µm-25µm of 
101 z-stacks (0µm being the approximately equatorial plane of the egg), the 
brightness of each colour is the maximum intensity at each corresponding z-
plane. Data from ≥2 trials, using 1-3 mice each. 
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Good vs. Bad GV Oocytes 
Only a small population of GV oocytes with irregular morphology was imaged 
during this project, in favour of getting measurements from ‘good’, representative 
oocytes. DIC and CARS images of a representative ‘bad’ oocyte, with irregular 
morphology, are shown in Fig.3.6.2. (A-B). It was found that some imaged oocytes 
deemed to have a ‘bad’ morphology appear to have a larger amount of clusters, more 
like the LD distribution seen in MII eggs (confirmed by aggregate analysis Fig.3.6.3. 
(A)), whereas others have a normal amount of clustering for a GV oocyte. 
Quantitatively comparing the overall populations of ‘good’ and ‘bad’-looking GVs 
with a t-test performed on the percentages of individual LDs reveals no significant 
difference (P value= 0.110), although only a small population of ‘bad’ oocytes were 
imaged (n=3).  √〈𝑠2〉  comparison reveals a much larger difference in the extent of 
aggregation between the two populations (black and red points, Fig.3.6.4.). 
However, the values are still within SDs and due to the small number of ‘bad’ 
oocytes imaged, there is no conclusive evidence for this result. The 〈
𝑇𝐿
𝐿𝐷
〉 of ‘good’ 
oocytes (magenta triangle) and ‘bad’ oocytes (orange triangle) appears almost 
identical (Fig.3.6.5.). 
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Fig.3.6.2. DIC and CARS Imaging of Abnormal GV stage Mouse Eggs and 
Arrested Early Embryos 
(A), (C), and (E) Single-plane (approximately equatorial) DIC images of 
representative of (A) Abnormal GV oocytes (n=3), (C) Arrested 2Cell stage embryos 
(n=3), and (E) Arrested 4Cell stage embryos (n=2) using a 1.27 NA water objective 
and a 1.4 NA oil condenser. (B), (D), and (F) Depth colour-coded images of CARS 
z-stacks at wavenumber 2850cm-1 through the same cells, showing LDs. 0.1x0.1µm 
xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW (~9mW) Pump 
(Stokes) power at the sample. Scale bars represent 10µm; colour bar shows depth 
colour-coding from -25µm-25µm of 101 z-stacks (0µm being the approximately 
equatorial plane of the egg), the brightness of each colour is the maximum intensity 
at each corresponding z-plane. Data from ≥2 trials, using 1-3 mice each. 
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Fig.3.6.3. Histograms of Lipid Droplet Aggregation in Abnormal and 
Arrested Mouse Eggs and Early Embryos  
Histograms of the number of LDs making up clusters in (A) an abnormal GV 
oocyte (n=3), and (B) an arrested 2Cell stage embryo (n=3), compared to (C) 
a normal GV oocyte (n=33) and (D) a normal 2Cell embryo (n=10). Total 
number of LDs and total number of un-clustered LDs are also indicated. 
 
Good vs. Bad MII Oocytes 
Comparing ‘good’ versus ‘bad’ MII eggs was less clear. Most of the MII eggs 
considered as ‘bad’ eggs had simply not properly matured, so were likely to be at the 
MI or early meiosis II stage. They would therefore would be expected to have a more 
‘GV-like’ distribution, reminiscent of an earlier developmental stage. Results of a t-
test give a P value of 0.361, suggesting that ‘bad’ and ‘good’ MII eggs had fairly 
similar percentages of isolated LDs. However, comparison of the aggregate size 
parameter √〈𝑠2〉  shows a more ‘GV-like’ LD distribution for ‘bad’ MII eggs, with 
cells also containing fewer total LDs (magenta triangle, Fig.3.6.4.). This indeed 
suggests a distribution of LDs as for an earlier cell-cycle stage egg. ‘Bad’ MIIs have 
a fairly noticeable larger 〈
𝑇𝐿
𝐿𝐷
〉 than ‘good’ MII eggs, along with a lower total number 
of lipids (navy blue pentagon and red circle, respectively, Fig.3.6.5.) 
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Fig.3.6.4. Scatter plot of the Extent of Lipid Droplet Aggregation (√〈𝒔𝟐〉 ) in 
Abnormal Mouse Eggs and Arrested Early Stage Embryos 
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) 
against the total number of LDs, in ensembles of ‘Good’ GV oocytes (n=30) 
and ‘Bad’ GV oocytes (n=3), GV oocytes with a central GV (n=14), GV 
oocytes with a non-central GV (n=19), ‘Good’ MII eggs (n=30), ‘Bad’ MII 
eggs (n=3), 2Cell stage embryos (n=10) and arrested 2Cell stage embryos 
(n=3). The distribution of each variable in the corresponding ensemble is 
shown as a mean (symbol) and standard deviation (bar). The case of a 
random LD distribution simulated for a range of total number of LDs is also 
shown for comparison. 
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Fig.3.6.5. Scatter plot of the Total Lipid Content per LD (〈
𝑻𝑳
𝑳𝑫
〉) of Abnormal 
Populations of Mouse Eggs, Early Embryos, and Arrested Early Embryos 
Scatter plot of the total amount of lipid per droplet (〈
𝑇𝐿
𝐿𝐷
〉) in populations of GV 
oocytes (n=33), MII eggs (=30), 2Cell stage embryos (n=10), 4Cell stage 
embryos (n=8) and arrested 2Cell stage embryos not included in the 2Cell 
population (n=3). The GV population is split into ‘Good’ GV oocytes (n=30) 
and ‘Bad’ GV oocytes (n=3), and also into GV oocytes with a central GV 
(n=14) and GV oocytes with a non-central GV (n=19). ‘Bad’ MII eggs not 
included in the MII population (n=3). The distribution of each variable in the 
corresponding ensemble is shown as a mean (symbol) and standard 
deviation (bar). 
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Arrested Embryos 
Embryos that become arrested at different stages during development are a good 
example of ‘bad’ embryos, as this arrest is clearly an indication of inadequacy and a 
consequence of underlying damaging processes occurring within the cells. However, 
as was the case with imaging of ‘bad’ morphology GV and MII eggs, within the 
time-frame of the current project, healthy embryos were favoured for CARS 
imaging. The majority of embryo arrest occurs at the 2Cell stage, likely to be due to 
the vulnerability of embryos at the stage of embryonic genome transcription. 
Examining both DIC and CARS images of live arrested 2Cell embryos reveals a 
number of large droplets that aren’t usually seen at this stage of development 
(Fig.3.6.2. (C-D)). Embryos arrested at the 4Cell stage also reveal these larger LDs, 
similar to those usually seen at the 8Cell stage or later (Fig.3.6.2. (E-F)). Embryos 
arrested at both stages tend to have a higher percentage of isolated droplets, but the n 
numbers are too low (2Cell n=3; 4Cell n=2) for statistically significant conclusions 
to be drawn. Furthermore, a t-test shows no significant difference between healthy 
2Cell embryos and arrested 2Cell embryos (P value= 0.540). Comparison of √〈𝑠2〉  
for 2Cell embryos and arrested 2Cell embryos reveals a slightly more dispersed, and 
less aggregated arrangement of LDs in arrested embryos compared to healthy 
embryos, however, this difference is not significant as the results are still within SDs 
(orange triangle and violet hexagon, Fig.3.6.4.). Analysis of total lipid amount also 
shows the arrested 2Cell embryos as having slightly fewer total LDs, and higher 
〈
𝑇𝐿
𝐿𝐷
〉, but again these variations are within SDs and were provided by such a small 
number of analysed examples that they cannot be considered statistically significant 
(cyan diamond, Fig.3.6.5.). 
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3.7. Oocytes and Eggs from Bovine Species  
 
As a comparison to mouse egg LD distribution and content, DIC and CARS imaging 
were performed on in vitro matured bovine eggs. As seen in DIC images, bovine 
eggs look similar to those of mice, but are slightly larger (>100µm diameter as 
opposed to the 70µm mouse oocyte) and have a more granular-looking cytoplasm 
(Fig.3.7.1. (A), (C), and (E)). CARS images reveal that LDs in mature bovine eggs 
prove to be larger (>1µm) than those in mouse (Fig.3.7.1. (B), (D), and (F)), and 
non-uniform in size, although not as those seen in murine morula and blastocyst 
stages. Bovine eggs were not always collected from the same species of cow, and 
differences were seen between experiments. For example, some eggs were larger 
than others (~120-150µm diameter), some contained larger LDs (~5µm), and some 
LDs gave a CARS intensity orders of magnitude larger than others. It was not 
possible to quantitatively investigate LDs of bovine eggs, due to the differences in 
sizes of the droplets, making CCDPlot analysis difficult. Large droplets have a 
plateaued intensity profile, currently not included in the CCDPlot fitting algorithm. 
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Fig.3.7.1. DIC and CARS Imaging of Bovine Eggs  
(A), (C) and (E) Single-plane (approximately equatorial) DIC images of 
representative of MII stage bovine eggs (n=13) using a 1.27 NA water 
objective and a 1.4 NA oil condenser. (B), (D) and (F) Depth colour-coded 
images of CARS z-stacks at wavenumber 2850cm-1 through the same cells, 
showing LDs. 0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell 
time; ~14mW (~9mW) Pump (Stokes) power at the sample. Scale bars 
represent 10µm; colour bar shows depth colour-coding from -25µm-25µm of 
101 z-stacks (0µm being the approximately equatorial plane of the egg), the 
brightness of each colour is the maximum intensity at each corresponding z-
plane. Data from ≥2 trials, using 1-3 cows each. 
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3.8 Discussion 
 
From previous research, it is thus far known that mammalian oocytes, eggs and early 
stage embryos rely almost exclusively upon the metabolism of pyruvate and FAs by 
their mitochondria for generating energy in the form of ATP (Acton et al. 2004; 
Dumollard et al. 2008). From this current study, it was possible to visualise the lipid 
stores from which these precious cells get their nutrition, as they make their journey 
from the ovary to the uterus. 
CARS has proven to be a useful tool in the chemically-specific and label-free 
identification of intracellular organelles. CARS imaging at the symmetric stretch 
vibration of CH2 bonds abundant in the acyl chain of lipids allowed us to resolve the 
spatial distribution of lipid droplets in living mammalian oocytes, eggs and early 
stage embryos (this chemical attribution was further supported by hyperspectral 
CARS imaging shown in Chapter 5).  
Individual lipid droplets were resolvable by the CARS microscope used to acquire 
the images. THG was used by Watanabe et al. (2010) to image LDs in living oocytes 
and embryos without being detrimental to development, but the methods used in 
their study could only be used for limited periods of time, and they were not able to 
properly resolve individual LDs. As THG is not able to distinguish chemical 
composition of LDs, it is not a method that allows extensive quantitative 
measurements as to the cellular lipid content.  
The 3D spatial resolution, and hence pixel sampling size number, used in our study 
proved sufficient to consistently image a large proportion of the egg or embryo 
whilst maintaining a reasonable acquisition time (and file-size limits). Owing to the 
resolution of individual droplets, it was possible to quantitatively investigate CARS 
images in order to give the total number of LDs, their size and their distribution in 
3D. By finding the co-ordinates of each droplet and mapping their distribution in 
relation to each other, the patterns in LD distribution were able to be analysed. 
Comparing the percentage of isolated droplets per egg or embryo population, along 
with the extent of aggregation (√〈𝑠2〉  parameter) allowed the quantitative 
assessment of the clustering phenomenon seen between developmental stages.  
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The spatial distribution of the LDs at immature GV stage was more dispersed, albeit 
not random. It was notable, also through time-course imaging of the same egg over 
maturation, that LDs became more clustered in mature MII eggs in comparison to 
GV stage oocytes, an observation which was statistically relevant. In terms of 
comparing this observation with the literature, LD movement has been recorded in a 
number of cell types and species. Fluorescence observation of LDs in pig and mouse 
eggs, for example, has shown that they relocate during maturation (Sturmey et al. 
2006; Yang et al. 2010). However, fluorescence techniques are usually limited to 
fixed cells, and lipid staining is often unspecific. LD movement is thought to be 
orchestrated by microfilaments and microtubules (Dutta and Sinha, 2015), and is 
suggested to be associated with mitochondrial localisation, thus possibly having a 
metabolic explanation. 
The dispersed distribution of LDs in GV oocytes suggests an availability of FAs for 
metabolism at this stage, the separation allowing for a larger accessible surface area 
for FA liberation, and increased contact with mitochondria. Meanwhile, the 
clustering seen with maturation to the MII stage, may indicate a decreased 
requirement for β-oxidation. However, it is not clear exactly how this difference 
between LD spatial distribution in GV and MII eggs is related to metabolic changes, 
because oxidative phosphorylation predominates at both stages (Dumollard et al. 
2008). It is not expected that at this subsequent stage of development, the 
metabolism would change dramatically.  
Clustering of LDs as mouse oocyte and early embryo development continued has 
been previously described by Watanabe et al. (2010) using THG, and Davidson et al. 
(2012) noted lipid aggregations and higher concentrations of lipid at the MII stage 
compared with the GV stage via Raman spectroscopy. However, while these 
techniques are label-free, again, they utilise methods that are unable to resolve 
individual droplets. A study in 1985 (Hishinuma et al.) also described clustering of 
LDs, but these were observed in ‘abnormal’, aged mouse eggs and embryos with 
delayed development, or that had fragmented. Mitochondrial clustering is noted with 
obesity and insulin resistance (Igosheva et al. 2010; Wu et al. 2010), which may 
result in a clustering of LDs, but this does not explain the LD aggregations seen after 
maturation of apparently normal eggs to the MII stage. 
 
106 
 
The total number of LDs varies greatly from cell to cell, however there appears to be 
a net increase in LD number as development continues from single-cell to early 
embryo stages. This may be due to the continuous in vitro culture of embryos, and an 
increase in lipid synthesis due to the presence of fatty acid-containing BSA in the 
culture medium (shown to be best for development- Downs et al. 1989, 2009).  It has 
previously been observed that there is a small increase in neutral lipid in bovine and 
mouse eggs during IVM, due to diffusion or active transport, if the eggs are matured 
in serum-containing medium (Aardema et al. 2011; Yang et al. 2010), supporting 
our observation of a slightly higher total number of LDs in IVM eggs as opposed to 
those matured in vivo. 
There is very little difference in the average lipid amount (volume) per LD 
(described as 〈
𝑇𝐿
𝐿𝐷
〉) between GV oocytes and MII eggs matured in vivo, but the total 
number of LDs is higher in MII eggs, as suggested by Davidson et al. (2012). 
However, in IVM experiments following the same egg from its GV stage to its MII 
stage, the total number of LDs appears to significantly decrease as development 
continues, while the average 〈
𝑇𝐿
𝐿𝐷
〉 remains constant. This is in contrast with the 
observation that the total number of LDs at MII is generally higher, and previous 
observations from the literature that maturation in culture media containing BSA 
leads to an even higher lipid amount (Romek et al. 2009). Our observation is 
consistent with findings from Sturmey and Leese (2003) where they see an overall 
decrease in TAG content during bovine IVM. Aardema et al. (2011) describe the 
differing effects on intracellular lipid storage seen with differing culture media FA 
compositions. They note that saturated palmitic and stearic acids hinder lipid-storage 
in a dose-dependent manner, while unsaturated oleic acid promotes lipid storage. 
Differences in culture media compositions may thus explain the inconsistencies 
observed between studies. 
IVM has been found to result in reduced development to blastocyst and decreased 
pregnancy rates compared to those matured in vivo (Rizos et al. 2002, Gilchrist and 
Thompson 2007; Eppig et al. 2009) possibly due to the premature removal of the 
oocyte from the follicle, where there is sufficient substrate provision. Our 
comparison between the amount of lipid in MII eggs matured in vivo to those 
matured in vitro, indicates that there is a lower 〈
𝑇𝐿
𝐿𝐷
〉  after IVM. In vivo matured eggs 
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also had a higher extent of LD aggregation (√〈𝑠2〉) than in those matured in culture, 
however both of these comparisons are not statistically significant and are unlikely to 
be responsible for the previously-recorded short-comings of IVM.  
 
The LD distribution at the 2Cell stage appeared to be more dispersed, as that seen at 
GV, but with a higher total number of droplets than at MII stage. There also 
appeared to be a lower 〈
𝑇𝐿
𝐿𝐷
〉 with development from the MII to the 2Cell stage, 
consistent with findings from Davidson et al. (2012). It is suggested that a decrease 
in lipid at this stage is due to the use of lipids for increased cell membrane synthesis; 
Pratt and George (1989) describe a 74% increase in cell membrane from the 2Cell to 
the 4Cell stage. With subsequent development to the 4Cell stage, however, we 
observed no difference in 〈
𝑇𝐿
𝐿𝐷
〉, only an increase in LD number was observed 
(consistent with prolonged cell culture). The aggregation pattern of 4Cell embryos 
was also more reflective of MII stage eggs. It is possible that at the 2Cell stage, LDs 
become dispersed in order for lipid mobilisation for future embryonic cell membrane 
synthesis, and that this lipid liberation does not occur after the 4Cell stage, thus 
promoting LD clustering. While it is arguable that the 〈
𝑇𝐿
𝐿𝐷
〉 at the 4Cell stage would 
be lower if this were the case, perhaps this loss of TAGs for FA liberation is 
compensated for by increased storage of lipids from the culture media.  
 
Interestingly, the appearance of larger LDs at the morula and blastocyst stage was 
observed. This was preceded by the occasional occurrence of larger droplets in some 
blastomeres of the 8Cell stage. Notably, around the later stages of pre-implantation 
development there is a switch in metabolism to the greater use of glycolysis which is 
previously not active. It also follows a period of LD clustering, seen from the 4Cell 
stage. Therefore, the observed larger LDs may be indicative of the beginnings of a 
phase of LD fusion, for FA storage and reduced reliance on -oxidation. Although 
rare under normal cellular circumstances, and not previously recorded in mammalian 
oocytes or embryos, LD fusion has been previously described in many cell types, 
aided by LD-associated proteins (Wilfling et al. 2013, 2014; Thiele and Spandl, 
2008; Paar et al. 2012). It is also possible that these large LDs seen at morula and 
blastocyst stages are positioned near the rapidly-increasing cell membrane, or at the 
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prospective furrow created during cell division, in order for use in cell membrane 
manufacture. While this is not consistent with the proposal of LD dispersion at the 
2Cell stage for FA liberation in order for cell membrane production, the mechanisms 
of cell membrane growth in the developing mammalian embryo are not clear. 
Unfortunately, no quantitative analysis of later embryo stages was possible due to 
the size of these larger droplets and the corresponding CARS amplitude distribution, 
with plateaued profiles not included in the fitting algorithm. CCDPlot software 
development may be needed to incorporate a fit function for a plateau amplitude 
profile such as those presented by large LDs, in order to analyse pre-implantation 
embryos in the same way as the earlier cleavage stages. Alternatively, counting the 
LDs by eye or by commercially-available particle tracking software might be 
possible. This may have particular potential in counting LDs of the ICM, however it 
may prove difficult in the trophoblast where many, smaller droplets are seen. 
It could be that the appearance of these larger droplets is time-dependent, rather than 
due to metabolic requirement. Johnson and Day (2000) suggest that egg cells are on 
‘timers’, where they are programmed to complete certain processes at specific times. 
For example, even when the cell cycle is blocked, glycolysis still kicks in around the 
same time it usually would with blastocyst development (Martin and Leese, 1999). It 
was noted that no difference was seen in LD distribution between 2Cell embryos and 
those which became arrested at the 2Cell stage, but large LDs are often seen in those 
that are prematurely arrested, imaged 5 days after fertilisation. 
 
It is hard to identify objective criteria that can classify an egg cell as ‘abnormal’, 
although characteristics such as a large perivitelline space, or non-spherical 
morphology are commonly used to predetermine unsuccessful development. Brunet 
and Maro (2007) describe the best morphological assessment of immature oocytes to 
be the positioning of their GV. It was found that more competent cells present a 
central GV, whereas less competent cells have a peripheral GV- less than half with a 
peripheral GV extruding a polar body. However, we saw no difference in the LD 
distributions of ‘central GV’ versus ‘non-central GV’ oocytes, meaning a correlation 
between the two cannot be used as a predictor of developmental success. A 
difference was seen in the extent of LD aggregation between ‘good’ and ‘bad’ GV 
oocytes- the ‘bad quality’ oocytes displaying more clustering than seen at normal 
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MII stages, however the 〈
𝑇𝐿
𝐿𝐷
〉 remained constant. It is possible that the observation of 
extensive LD aggregation at the GV stage is indicative of a change in metabolism or 
cell processes dictating cell quality. 
‘Bad quality’ MII and arrested-development 2Cell embryos appeared to have fewer 
LD aggregations and fewer total LDs compared to their ‘healthy’ counterparts, and 
‘bad’ MII cells proved to have a higher amount of lipid per LD. However, most 
results are within SDs, and small n numbers may mean more investigation is 
required to be statistically significant. Also, a large variability in LD clustering is 
seen within each population of GV and MII eggs, potentially affected by the 
developmental potential of the oocytes (even when not obviously appearing 
abnormal), so this also requires further dedicated study. 
 
It is possible that the 〈
𝑇𝐿
𝐿𝐷
〉 is indicative of developmental competence; Jeong et al. 
(2009) found that bovine oocytes of a darker colour in brightfield transmission (i.e. 
with a higher amount of lipid) were more successful at reaching blastocyst, and rate 
to blastocyst was improved compared to paler oocytes containing less lipid. 
However, it is unclear whether a higher or lower 〈
𝑇𝐿
𝐿𝐷
〉 would be more beneficial to 
developing mouse eggs and embryos. 
Qualitative and quantitative measurements were not taken for dead cells due to time 
constraints and a higher level of interest in live cells. However, imaging LDs of dead 
cells would also be interesting, to give an idea of how LD distribution reflects egg 
quality or developmental potential, as these could also be counted as ‘bad quality’, 
and are clearly susceptible to cell death. Equally, these dead cells may not be a good 
measure of difference in quality, as there may be underlying processes which aren’t 
obvious determining cell death. 
It may prove useful to investigate polar body degeneration and LD distribution, as 
often polar bodies degenerate quickly and some remain. However, there is very little, 
and inconsistent research on this. It may also be interesting to consider the age of 
eggs, assessing the lipid droplet distribution and content in MII eggs the day after 
harvest. Eggs collected from aged mothers are also considered to be of lower quality, 
but mitochondrial damage may play a large role here.   
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Further CARS assessment of GV oocytes may be possible, as oocytes with a 
chromatin conformation surrounding the nucleus (SN) are recognised to be of better 
developmental competence than those whose chromatin is not surrounding the 
nucleus (NSN). It was found that transfer of SN nuclei into NSN oocytes improved 
their maturation rates, however their development to blastocyst was unaffected 
(Inoue et al. 2008). 
 
Previous efforts to quantify lipid content in oocytes have mostly been performed in 
domestic species such as pig, sheep and cow (McEvoy et al. 2000), but some 
investigations have been carried out to assess the content of mouse cells. Fluorescent 
staining techniques with Nile red, and destructive means such as chemical extraction 
have been used to quantify lipid content of in various species, allowing comparison 
with mouse eggs (Romek et al. 2011; Genicot et al. 2005; Loewenstein and Cohen, 
1964), finding that lipid comprises approximately 12.5% the dry mass of a mouse 
oocyte, and porcine oocytes contain 6.8 times more lipid than mouse eggs, ovine 
oocytes 3.8 times more, and bovine oocytes 2.8 times more lipid. However, none of 
these techniques are compatible with live cell imaging and cell viability, and they 
produce inconsistent results. It also does not seem that any previous studies have 
attempted to quantify the amount of lipid in developing mouse embryos. It has been 
shown that TAG synthesis is active during mouse pre-implantation development 
(Dunning et al. 2010). Quantification of mouse embryo lipid content is something 
that is possible with CARS microscopy- with the correct fitting procedure of CARS 
signal from large LDs, the content of these later pre-implantation stage embryos 
could be assessed. 
 
It is well established that cells of different species metabolise lipids differently, and 
eggs of species such as dog, pig, cow and sheep contain a larger proportion of LDs 
and metabolise more lipid (McEvoy et al. 2000). It appears that the amount of lipid 
in an egg accurately reflects the amount of lipid metabolism occurring in cells of that 
species, and that a higher amount of lipid in species which metabolise a large amount 
of lipid is beneficial to development. 
Comparison of the LD distribution of mouse eggs with those of alternative species 
such as bovine gives an interesting insight into the different processes occurring in 
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these cells. It is known that there is differing levels of lipid metabolism present in 
egg cells of different species, so a comparison of LD distributions may give further 
information as to the link between LDs and lipid metabolism. For example, LDs in 
bovine eggs appear to be larger (>1µm) with less aggregation, possibly indicating 
that lipid metabolism is active. Also, imaging eggs of different bovine species shows 
differing LD distributions. It would be useful and informative to continue this 
investigation, comparing images seen in this study with further species, such as pigs 
and humans. 
 
Not only has CARS microscopy proved to be a useful imaging tool, it has also 
shown us that DIC microscopy alone can be useful to identify certain cell 
characteristics. Following chemical identification of LDs using CARS, it was 
possible to compare CARS and DIC images of the same eggs and embryos, and 
identify the same structures in both sets of images. LDs can clearly be seen with DIC 
imaging, but were previously unidentifiable cytoplasmic vesicles. 
 
In this chapter, we have shown that CARS microscopy can be used to chemically-
specifically image LDs in mammalian oocytes, eggs and embryos. Observations 
were made of a change in LD distribution from a dispersed arrangement in GV 
oocytes, to a statistically significantly different ‘clustered’ distribution at MII stage. 
As embryonic development continued, fewer, larger LDs were identified, suggesting 
an altered physiology. The vast information gained from CARS measurements 
allows LD size, number, and lipid amount to be investigated, and may be utilised for 
assessment of egg or embryo metabolism. In order for this information to be useful 
for ART progression, however, the technique must be established as compatible with 
successful embryo culture and development.  
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Chapter 4. Viability of eggs and embryos after 
live-cell CARS imaging 
 
4.1. Introduction 
 
In Chapter 3, we were able to use CARS to visualise LDs in all stages of egg and 
early embryo development.  However, in order for CARS to be used as an effective 
research or diagnostic tool, cells must survive imaging conditions so that embryonic 
development can continue. Being a non-invasive imaging technique, CARS requires 
no labelling or fixation of cells, unlike conventional methods used to study lipid 
droplets. It uses a near-infrared wavelength of light in the so-called “transparent 
window” around 800nm which reduces one-photon absorption and scattering, and 
thus damage within the cells. Laser powers used are comparable to other live cell 
imaging multiphoton techniques (two-photon fluorescence, third harmonic 
generation). However, considering the lack of previous studies of CARS applied to 
living mammalian oocytes, optimal conditions for continued egg/embryonic 
development need to be established. 
Egg cells tend to be adequately robust cells, able to survive techniques such as 
fluorescent staining and microinjection, however, they are also highly sensitive to 
conditions such as the environment temperature, and the level of light to which they 
are exposed. Increases in temperature, even by 1ºC, are detrimental to most cells; 
decreases in temperature can slow cellular processes down considerably, although 
viability is usually still maintained (Boone et al. 2010). Exposure of eggs and 
embryos to visible light (400-700nm) is unnatural and harmful to cells (Ottosen et al 
2007). Long (>5mins) exposure to lots of light (>0.5W/m
2
), and shorter wavelengths 
of light have been proven to be detrimental to development (Takahashi et al. 1999; 
Takenaka et al. 2007; Ottosen et al 2007). UV light (250-400nm) proves to be 
harmful to developing eggs, one-photon absorption processes causing production of 
ROS, damage to DNA and apoptosis (Takenaka et al. 2007; Pomeroy and Reed, 
2013; Ottensen et al. 2007). 
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Various imaging techniques used to date to investigate LDs include steps that cannot 
maintain cell viability. Fluorescence dyes often require fixation, but even when they 
are used on live cells, stains can interfere with normal cell processes. Moreover, 
photo-bleaching of stains occurring upon light excitation limits quantitative analysis 
and is often associated with photo-toxicity. When using one-photon excitation with 
visible wavelengths, direct cellular absorption might also occur and cause photo-
damage. TPF techniques can overcome this limitation, as shown by Squirrell et al. 
(1999): in comparison to confocal imaging at visible wavelength, which arrested 
embryo development, TPF uses two photons of near-infrared wavelength to excite a 
fluorophore, resulting in negligible one-photon absorption by cellular components, 
less scattering and reduced photo-damage as a result, allowing continued embryonic 
development and even live birth. 
Techniques such as HGM are supposedly non-invasive, being label-free and using 
long wavelengths of light, and theoretically should maintain egg and embryo 
viability. However, Watanabe et al. (2010) found that prolonged imaging (>10mins 
at an intensity of ~650mW/µm
2
) using THG induced photo-toxicity, allowed embryo 
development to blastocyst stage, but no birth of live offspring. 
Although compatible with live cell imaging (Hellerer et al. 2007; Folick et al. 2011), 
there is currently no proof of egg or embryo viability after CARS imaging. There is a 
possibility that cells are susceptible to three photon absorption (ThPA) when using 
~800nm wavelength in short pulses, by cellular components with ~260nm one-
photon absorption such as the DNA. Multiphoton imaging techniques such as HGM 
and CARS may lead to such ThPA, which induces damage to DNA by causing 
production of cylobutane pyrimidine dimers, which alter the structure of DNA and 
inhibit further replication (Meldrum et al. 2 003). Wavelengths of incident light 
>900nm might therefore be better for live cell imaging to avoid ThPA by the DNA. 
 
Human 4Cell, and mouse 2Cell embryos are known to be highly vulnerable stages of 
embryonic development in each species; it is often at these stages that embryonic 
arrest is seen and development to later stages does not continue. It is suggested that 
embryonic arrest may occur due to a delay in zygotic gene activation, as this 
coincides with switching from maternal to zygotic transcription, and occurs at the 
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2Cell stage in mouse embryos and the 4Cell stage in human (Qui et al. 2003; Niakan 
et al. 2012; Wong et al. 2010). 
 
Mouse eggs are a good model for human egg and embryo development, as their 
morphology, size and cellular processes are very similar, their differences only 
becoming more apparent in later preimplantation stages (Niakan et al. 2012). The 
particular mouse strain used in this study was chosen for the parallels with human 
eggs in embryonic development (Kamjoo et al. 2002); normal success rates for 
development of both to blastocyst stage are 50%, and allow the investigation of the 
effects of live cell imaging on the viability of these embryos. 
 
In this chapter, the excitation conditions in our CARS experiments which allowed 
for live-cell imaging, and continued egg/embryonic development to blastocyst stage 
were investigated in detail, and CARS microscopy revealed itself to be a truly non-
invasive and valid technique. IVM of GV oocytes to MII eggs was used to assess the 
viability of eggs after imaging with CARS at immature stages. IVM is a valid 
technique producing viable eggs and later embryos, however, it is widely understood 
that IVM yields lower quality eggs/embryos than natural in vivo maturation (Rizos et 
al. 2002, Gilchrist and Thompson, 2007), despite IVM producing viable offspring 
(Eppig et al. 2009). 
ICSI is used to investigate the viability of embryos after CARS imaging at the one-
cell zygote stage. ICSI is a widely-used technique in assisted reproductive 
technologies, involving sperm injection directly into the egg cytoplasm, in order to 
overcome any issues with sperm motility or fusion. This technique is more effective 
in oocytes where the cumulus cells have been removed, as must be performed before 
CARS imaging. However, the action of ICSI itself, piercing the egg, makes the egg 
susceptible to damage, especially if care is not taken to avoid disruption of the 
meiotic spindle, and often success rates aren’t as high as standard IVF (Yoshida and 
Perry, 2007; Dumoulin et al. 2001). 
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4.2. In vitro Maturation after CARS Imaging 
 
It was found that immature GV oocytes were able to mature up to MII stage in vitro 
after CARS imaging of the whole cell under the same excitation conditions as 
previously used in Chapter 3 (see also, Chapter 2, section 2.8.1.). Typically, an xyz 
volume of 100x100x50 (µm)
3
 size was scanned with 0.1µmx0.1µm xy pixel size in 
0.5µm z-steps, with 0.01ms pixel dwell time, at the 2850cm
-1
 resonance, with a 
power of no more than 25mW at the sample, before allowing maturation overnight. 
Fig.4.2.1 shows DIC and CARS projections of a fully-scanned GV oocyte prior to 
IVM, and the same cell after 18 hours in culture, once it had reached a mature MII 
stage. Notably, before maturation, (Fig.4.2.1 (A-B)) the GV oocyte had a widely 
dispersed LD spatial distribution, and after IVM (Fig.4.2.1. (C-D)) the same cell is 
seen as an MII egg with characteristically aggregated LDs, as seen in Chapter 3. This 
difference was confirmed by quantitative analysis (Fig.4.2.2). It is found that the 
imaging of the whole egg did not hinder its subsequent meiotic development, as 
40/47 oocytes matured to MII in these experiments. 
 
 
 
 
 
116 
 
 
Fig.4.2.1. DIC and CARS Imaging of GV and MII Stage Mouse Eggs, Before and 
After in vitro Maturation 
(A) and (C) Single z-plane DIC using a 1.27 NA water objective and a 1.4 NA oil 
condenser; and (B) and (D) depth colour-coded images of CARS stacks at 
wavenumber 2850cm-1, of the same egg before (A and B) and after (C and D) in 
vitro maturation, showing that development can still occur after live imaging with 
CARS (n=40). 0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; 
~13mW (~9mW) Pump (Stokes) power at the sample. Scale bars represent 10µm; 
colour bar shows depth colour-coding from -25µm-25µm (0µm being the equatorial 
plane). Data from >5 trials, using 1-3 mice each. 
 
 
 
 Fig.4.2.2. Histograms of Lipid Droplet Aggregation in GV and MII Stage 
Mouse Eggs, Before and After in vitro Maturation 
Histograms of the number of LDs making up clusters in (A) a GV oocyte before 
maturation, and (B) the same egg after it was matured in vitro to MII stage. Total 
number of LDs and total number of un-clustered LDs are also indicated. 
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Comparing the √〈𝑠2〉  of the egg population imaged both before and after IVM, 
versus the population of eggs that were only imaged after IVM, there appears to be a 
larger extent of LD aggregation in those eggs that were imaged with CARS before 
maturation (Fig.4.2.3.). However, there is a large variability, and the results remain 
within SDs, so are not likely to be significant. 
 
 
 
Fig.4.2.3. Scatter plot of the Extent of Lipid Droplet Aggregation (√〈𝒔𝟐〉) in 
MII Mouse Eggs Matured in vitro after CARS imaging, vs. MII Mouse Eggs 
Matured in vitro without CARS imaging  
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) 
against the total number of LDs, in ensembles of GV oocytes (n=33), MII 
eggs (n=30), MII eggs matured in vitro (n=10), MII eggs imaged with CARS 
prior to being matured in vitro (n=4), MII eggs that were not imaged prior to 
being matured in vitro (n=6), and MII eggs matured in vivo (n=20). The 
distribution of each variable in the corresponding ensemble is shown as an 
average (symbol) and standard deviation (bar).  
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4.3. In vitro Embryonic Development after CARS Imaging 
 
It was found that imaging zygotes with CARS immediately after ICSI, and then 
individually culturing them in KSOM allowed development of embryos to the 
blastocyst stage.  
The CARS settings were the same as previously used (see Chapter 2, section 2.8.1.), 
but a singular, approximately equatorial, xy image was taken of each zygote before 
culturing for 5 days. The rate of blastocyst success was assessed and compared with 
un-imaged controls (developed in joint culture).  In both imaged and un-imaged 
population, the rate to blastocyst development was not as high as the normal 
(expected rate of 50%) indicating that ICSI itself had been inducing damage.  
Fertilised zygotes imaged with CARS lead to 13/34 to develop to blastocyst. 
Notably, a higher number of blastocysts were achieved in the CARS imaged 
populations, than in the control (un-imaged) populations, which yielded 5/30 
blastocysts, suggesting that CARS imaging from the 1Cell stage does not affect 
development to blastocyst.  Fig.4.3.1. shows DIC and CARS images of a freshly-
fertilised zygote (A-B), and the same embryo after development to the blastocyst 
stage (C). Fig.4.3.1. (D) shows a blastocyst developed from the un-imaged control 
group. 
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Fig.4.3.1. DIC and CARS Imaging of 1Cell Mouse Zygotes after ICSI, and 
Subsequent Successful Blastocyst Development 
(A) Single z-plane DIC image (using a 1.27 NA water objective and a 1.4 NA 
oil condenser) and (B) single z-plane CARS image (at wavenumber 2850cm-
1) of the same zygote shortly after ICSI (n=34); (C) maximum intensity 
projection DIC images of a blastocyst, 5 days after imaging with CARS 
(n=13); (D) maximum intensity projection DIC images of a control blastocyst, 
beginning to hatch, 5 days after no imaging with CARS (n=5). 0.1x0.1µm xy 
pixel size; 0.01ms pixel dwell time; ~13mW (~9mW) Pump (Stokes) power at 
the sample. All scale bars represent 10µm. Data is from 5 separate trials, 
using 2-3 mice for each. 
 
DIC and CARS imaging at the 2Cell stage was then assessed with the same 
parameters, and a number of different imaging conditions. All imaging conditions: 
taking images at 1 z-plane, 11 images over a 50µm thickness, 21 images over a 
10µm thickness or 41 images over 20µm, appeared to hinder development to later 
embryonic stages, even when very few z-planes were imaged. Fig.4.3.2. (A-B) 
shows DIC and CARS images of a 2Cell embryo, and (C) shows the same embryo 
arrested at its 2Cell stage, after 5 days in culture. 100% arrest at 2Cell stage was 
observed (n=49) in comparison to 15/24 which continued development to blastocyst 
in the un-imaged control group. 
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Fig.4.3.2. DIC and CARS Imaging of 2Cell Mouse Embryos after in vivo 
Fertilisation, and Failed Subsequent Development 
(A) Single z-plane (approximately equatorial) DIC image using a 1.27 NA 
water objective and a 1.4 NA oil condenser and (B) single-plane CARS 
image at wavenumber 2850cm-1, of a 2Cell embryo after in vivo fertilisation, 
and (C) DIC image of the same embryo 5 days later, demonstrating 
embryonic arrest (n=49). 0.1x0.1µm pixel size; 0.01ms pixel dwell time; 
~14mW (~9mW) Pump (Stokes) power at the sample. Scale bars represent 
10µm; colour bar shows depth colour-coding from -25µm-25µm (0µm being 
the equatorial plane). Data from >5 trials, using 1-3 mice each. 
 
Imaging from the 4Cell stage onwards - a much less vulnerable stage of development 
than 2Cell in mouse embryos (Qui et al. 2003) - allowed development to blastocyst 
stage at the normal rate of 50% expected from the strain of mouse used, and normal 
human success rates (Kamjoo et al. 2002) (Fig.4.3.3.). A number of experimental z-
step-size settings were investigated; all images were taken with imaging parameters 
previously described (see Chapter 2, section 2.8.1.). Experimental embryos were 
cultured individually, while control embryos were included in group culture. 
Embryos that were imaged with CARS every 0.5μm in z over a total of 20μm 
thickness (Fig.4.3.3. (F) and (J)) continued to develop further, 5/10 reaching a 
recognisable blastocyst stage (Fig.4.3.3. (N)). 4Cell embryos imaged with the same 
parameters over 10µm thickness (Fig.4.3.3. (E) and (I)) also continued to develop 
further, 4/9 developing to blastocyst (Fig.4.3.3. (M)). Of those imaged more 
sparsely, every 5μm in z over a 50μm z-range (Fig.4.3.3. (D) and (H)) all developed 
and 4/10 were classed as blastocysts (Fig.4.3.3. (L)). Similarly, taking a singular 
CARS image at the centre of the 4Cell embryo (Fig.4.3.3. (C) and (G)), or solely 
imaging with DIC (Fig.4.3.3. (A)) gave rise to a blastocyst yield at the normal rate: 
5/9 (Fig.4.3.3. (K)) and 5/10 (B), respectively, giving the same rate of development 
as a control group that was not imaged (5/10). 
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Fig.4.3.3. DIC and CARS Imaging of 4Cell Mouse Embryos after in vivo 
Fertilisation, and Subsequent Successful Blastocyst Development 
(A) Single z-plane (approximately equatorial) and (B) maximum intensity 
projection DIC images taken with a 1.27 NA water objective and a 1.4 NA oil 
condenser of the same embryo at (A) 4Cell stage and (B) blastocyst stage, 
after development was allowed without CARS imaging (n=10). (C-F) Single 
z-plane DIC and (G-J) depth colour-coded CARS stacks of 4Cell embryos 
before their development to blastocyst stage after different extents of CARS 
imaging at 2850cm-1.  Number of CARS images taken is indicated in the top 
right corner; (G) 1 CARS xy image (n=9), (H) 11 CARS xy images with 5µm 
z-steps (n=10), (I) 21 CARS xy images with 0.5µm z-steps (n=9), (J) 41 
CARS xy images taken with 0.5µm z-steps (n=10). (K-N) Maximum intensity 
projection DIC images of blastocyst stages of the same embryos seen at the 
4Cell stage in panels C-J; blastocyst developmental rate is indicated beneath 
panels. 0.1x0.1µm pixel size; 0.01ms pixel dwell time; ~14mW (~9mW) 
Pump (Stokes) power at the sample. Scale bars represent 10µm; colour bar 
shows depth colour-coding from -25µm-25µm (0µm being the equatorial 
plane). Data from >5 trials, using 1-3 mice each. 
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4.4. Discussion 
 
In mammalian embryology, there is limited availability, and extensive variability and 
vulnerability of samples. This means there is a particular requirement for techniques 
that are time-efficient and non-invasive, which provide sufficient quantitative 
information on egg or embryo viability, so that a prognosis can be made regarding 
their developmental success (Ebner et al. 2003). DIC and CARS imaging of live 
oocytes and embryos does not harm embryo development to later embryonic stages 
at the normal rate, as shown in this chapter, whilst providing quantitative 
information as to biochemical parameters which may have the potential to be 
correlated with subsequent development, as described in Chapter 3.  
Under DIC, the cells are not imaged for more than 5 minutes each, using low light 
levels, a 530nm bypass filter, and an infrared filter, thus imaging with DIC does not 
harm the specimen. CARS imaging settings were the same as the previous 
measurements shown in Chapter 3, but a varying number of xy images along the 
axial direction were taken for developing embryos, in order to probe what extent of 
imaging they could undergo, whilst maintaining viability. It was possible to show 
that imaging GV oocytes with CARS in 3D over their entire volume with high 
spatial resolution prior to their maturation to MII did not affect their development. 
Therefore, it would be possible to compare quantitative information gained from 3D 
CARS imaging through a GV oocyte with previously suggested techniques of oocyte 
quality assessment. Although invasive methods of oocyte selection, such as the 
assessment of chromatin organisation in the GV nucleolus, simply cannot be used in 
ART procedures (Bellone et al. 2009), they are regarded as valid predictors of 
developmental competence. Therefore, these methods could be compared with 
information provided by CARS imaging, in order to give more insight into the LD 
distribution and content as a measure of oocyte quality. However, it is not clear that 
immature oocyte selection is the best measure of quality due to the subsequent need 
for IVM and its potential to produce lesser-quality eggs and embryos (Rizos et al. 
2002, Gilchrist and Thompson, 2007). It is also not clear how effective both invasive 
and non-invasive methods of oocyte quality assessment, such as the cytoplasmic 
positioning of the GV, really are, due to inconclusive evidence. It may be that 
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multiple tests need to be performed in order to effectively predict the potential of an 
oocyte (Bellone et al. 2009).  
Although not performed here due to time constraints, it is highly likely that MII 
eggs, being more robust than GV oocytes, would be able to survive CARS imaging 
and go on to produce viable embryos. Comparison of CARS images with methods 
currently used to assess MII stage eggs, such as the appearance of their cytoplasm, or 
presence of a polar body (Sananthan and Gunasheela, 2007), may provide 
information as to how the LD distribution in MII eggs could also predict embryonic 
success. 
 
In clinical practice, the assessment of embryo competence is more likely to be 
performed after fertilisation, once embryonic development has commenced. Imaging 
at the 2Cell stage in mouse embryos appeared to halt their development. The 2Cell 
stage has proved to be a particularly vulnerable stage in mouse embryonic 
development, as this coincides with the timing of ZGA, and the embryo is even more 
susceptible to DNA damage (Qui et al. 2003). In human embryonic development, 
ZGA is initiated at the 4Cell stage, therefore imaging at the 2Cell stage may not 
cause any harm, and assessment of developmental competence may be possible at an 
earlier stage (Niakan et al. 2012; Wong et al. 2010). 
Imaging a smaller portion of the mouse embryo volume at the 1Cell stage after 
fertilisation, or at the 4Cell stage was compatible with continued embryonic 
development. Single CARS images were taken of fertilised zygotes before 
pronuclear formation commenced, and this allowed for blastocyst formation at even 
higher rates as un-imaged controls, while imaging multiple z-planes at the 4Cell 
stage also did not appear to hinder blastocyst development rates. Through knowledge 
gained from previous measurements throughout entire cells (see Chapter 3), for 
future analysis of LD distribution and content as a measure of embryonic 
developmental potential, it is thought that one equatorial image should give enough 
information as to the LD distribution within the zygote, in order for informed 
conclusions to be drawn regarding their developmental competence. It is possible 
that future studies of LD distribution and developmental potential could provide a 
potential diagnostic tool for selecting embryos in clinical IVF or animal reproductive 
technologies, and an earlier prognosis of developmental competence is favourable in 
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order to minimise embryo handling and manipulation, and to maximise reproductive 
success.  
Interestingly, a higher number of CARS imaged embryos developed to blastocyst 
stages, than un-imaged embryos. These un-imaged controls were developed in group 
culture, and included those kept in culture in the incubator, and those that were 
transferred to an imaging dish and placed on the microscope slide for an appropriate 
length of time without imaging. This control was in order to rule out any negative 
effects of the microscope stage or imaging gasket themselves (i.e. controls were not 
simply performed for the laser power). It is therefore unclear why this result was 
achieved in numerous experiment repetitions (5 trials). It is clear, however, that the 
CARS imaging technique does not harm subsequent development. Dumoulin et al. 
(2001) showed that ICSI, although a useful and reliable technique of fertilisation, 
may have a lower success rate than traditional IVF. The lower than expected 
blastocyst scores may be due to the damaging effects of ICSI, but there was still a 
fairly high rate of success in blastocyst formation (~38%). ICSI was used rather than 
IVF due to avoid CARS imaging of cumulus cells. During initial CARS imaging 
sessions, it was found that the COCs were very dense and lipid-rich causing light 
beam deflection (from refractive index in homogeneities) and shadowing artefacts 
when imaging the egg or embryo cytoplasm.  
Different extents of CARS imaging were performed at the 4Cell stage, ranging from 
one single xy image to 41 images covering a 20µm axial depth. Blastocyst success 
rates were almost consistently normal, ranging from 40%-55%, under all conditions, 
showing CARS is not detrimental to embryonic development if performed at this 
stage. Scoring of embryos was carried out in the usual way- blastocysts having a 
clear blastocoel, ICM and trophoblast, and fragmented embryos were discarded. 
However, fragmented blastocysts still may be developmentally viable; it has been 
suggested that temporal and spatial patterns of fragmentation may define whether 
this response is apoptotic, or a survival mechanism of healthy blastomeres (Van 
Blerkom et al. 2001). Thus far it is impossible to comment, but future investigation 
into certain fragmented embryos may be able to pinpoint characteristics of viable 
fragmented blastocysts. 
Current non-invasive methods of embryo selection have questionable predictive 
value. Parameters such as pronuclear formation rates and positioning, and cell 
125 
 
cleavage rates, are thought to be early indicators of embryonic competence (Ebner et 
al. 2003). Uneven cleavage presents a risk of higher chromosomal abnormalities 
(Hardarson et al. 2001), and as late as the blastocyst stage, ICM cell number and 
trophectoderm development can assess quality (Gardner et al. 2000). These factors 
could experimentally be used alongside CARS microscopy, in order to draw parallels 
between predictors of quality, and quantitative information gained from CARS 
images.  
 
Further studies into the viability of the blastocysts yielded after CARS imaging 
would be necessary. Implantation and birth of live offspring should be monitored to 
determine if these imaged embryos can develop past the blastocyst stage after 
transfer into surrogate mothers. 
It was found that live offspring could be born after prolonged TPF imaging of 2Cell 
hamster embryos (Squirrell et al. 1999). Long-term HGM, however, was not 
compatible with live births, unless imaging times were severely shortened 
(Watanabe et al. 2010; Hsieh et al. 2008). It is likely that these cell deaths were due 
to multi-photon damage as a result of the pulsed light excitation, thus the CARS 
imaging conditions (excitation intensity, wavelength, pulse duration, repetition rate) 
used in the current study must also be tested for long-term cell viability. 
 
ThPA in DNA is a multi-photon phenomenon that may occur during imaging with 
short laser pulses of ~800nm wavelength. Damage to DNA could be a factor in 2Cell 
arrest with CARS imaging when embryonic genome transcription is occurring. It 
may be possible to test whether there is DNA damage, alongside CARS. Notably, 
CARS microscopy using excitation at longer wavelengths than used in the present 
study (>900nm) is technically possible (and currently being implemented in our 
laboratory), and should allow for lower photo-toxicity, due to the suppression of 
ThPA by DNA, along with increased penetration depth. This implementation can be 
combined with THG imaging, which can be used for non-chemically specific LD 
imaging, and stimulated Raman scattering (SRS) imaging. SRS is a technique that 
exploits the same light-matter interaction mechanism of CARS, but measures the 
loss (gain) of energy at the pump (Stokes) beam as it interacts with the sample, 
instead of the anti-Stokes scattering. SRS benefits from the absence of non-resonant 
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CARS background, and allows for improved image contrast when probing only a 
single vibrational frequency. 
 
In this chapter, we were able to demonstrate that CARS microscopy is a non-
invasive imaging technique, compatible with continued egg and embryo 
development. IVM of GV oocytes to MII stage, and normal rates of embryo 
development to blastocyst stage were observed after CARS imaging, when 
measurements were taken before or after the vulnerable 2Cell embryo stage. 
Establishment of CARS as a viable technique allows continued use of this method 
for investigation into the metabolism of mammalian eggs and embryos, with a 
confidence that findings are physiological, and not a consequence of experimental 
techniques. 
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Chapter 5. Hyperspectral CARS Imaging of 
eggs and embryos 
 
5.1. Introduction 
 
CARS imaging of LDs in eggs and embryos allows us to gain a great deal more 
information than merely visualising and counting LDs within the cytoplasm. CARS 
enables the examination of specific LDs and their chemical content, allowing 
investigation into the chemical composition of LDs in oocytes, eggs and embryos at 
different developmental stages, in both their ‘normal’ state, and in situations where 
the types of fatty acids stored in these LDs may be detrimental to the overall health 
of the egg or embryo. 
Methods of chemical extraction, as described in Chapter 3, have previously been 
used to assess the lipid content of mammalian oocytes, but with CARS it is possible 
to specifically observe the chemical content of individual LDs, whilst maintaining 
cell viability. 
 
Chemical information can be provided by hyperspectral CARS microscopy which 
can be performed due to the broadband laser source used in this work with 310nm 
bandwidth, allowing excitation over a large vibrational range of 1200-3800cm
-1
. This 
range includes biologically-relevant resonances such as that of the CH2 symmetric 
stretch bond (2850cm
-1
) and the =CH bond (3010cm
-1
), allowing excitation and 
imaging of various lipids (Pope et al. 2012). Compared with single-frequency 
CARS, hyperspectral imaging involves changing the IFD of the pump and Stokes 
beams to image over a number of sequential vibrational resonances, and acquiring a 
spectrum of CARS frequencies for each spatial point, in order to provide specific 
information regarding the chemical composition of LDs present in eggs and 
embryos, including their degree of saturation (Parekh et al. 2010; Masia et al. 2013; 
Di Napoli et al. 2014b). 
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Every molecule has its own Raman spectrum, made up of all the vibrational 
resonances comprising it. In order to extract any quantitative information from the 
CARS IFD measurements, Raman spectra must be retrieved from the hyperspectral 
CARS signal gained from each spatial point, allowing for chemically-specific 
assessment of the content of the imaged specimen. Existing knowledge of the Raman 
signatures of different chemical compounds is essential for identifying the chemical 
composition of the sample. 
CARS holds many advantages over simple Raman spectro-microscopy, namely that 
the signal strength is much higher, and in turn acquisition times are greatly 
decreased, allowing imaging of live cells. However, the signal gained from CARS 
imaging is complex, and does not reflect the precise Raman profiles of the molecules 
it detects. 
The CARS intensity generated by coherence of vibrating bonds is proportional to the 
square of the third-order susceptibility/non-linearity (χ(3)), i.e. the CARS intensity 
scales as |𝜒(3)|
(2)
 (Pope et al. 2012; Di Napoli et al. 2014a). χ(3) arises from the sum 
of the resonant (real and imaginary parts) and non-resonant (just the real part) 
components (Evans et al. 2004; Di Napoli et al. 2014a; Vartiainen et al. 2006) and is 
linearly dependent on the number of bonds vibrating in the sample (Pope et al. 
2012). As the non-resonant background contributes to the real part of the 
susceptibility, this can be subtracted from the CARS complex susceptibility, 
allowing for analysis of the resonant signal, comparison with known Raman spectra, 
and identification of specimen components (Evans et al. 2004; Di Napoli et al. 
2014a; Vartiainen et al. 2006; Chimento et al. 2009). Masia et al 2013 introduced a 
specific procedure to retrieve the CARS susceptibility from hyperspectral CARS 
intensities acquired from IFD scans (see Chapter 2, section 2.9.4.), allowing the 
imaginary part to be isolated, and directly compared with known Raman spectra 
(Masia et al. 2013, Chimento et al. 2009). 
 
Raman profiles of conventional FAs show distinct peaks, characteristic of the 
chemical bonds that might compose them. For example, a peak at ~2850cm
-1
 
corresponds to the CH2
 
symmetric stretch
 
vibration, and is prominent in most FA 
spectra; a peak around 2930 cm
-1
 occurs due to the CH3 and asymmetric CH2 stretch, 
and is enhanced by the broadening 
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and shift of the CH deformations in the liquid phase. Poly-unsaturated fatty acids 
(PUFAs) with high acyl chain disorder (double bonds introduce kinks to the chain 
conformation) are liquid at room temperature and exhibit a significant band around 
2930 cm
-1
. A peak at ~3010 cm
-1
 corresponds to the =CH stretch, its intensity is 
proportional to the number of C=C bonds in the main lipid chain, and again is seen 
in spectra of unsaturated fatty acids (Di Napoli et al. 2013; Di Napoli et al. 2014b). 
The lipid profile of an egg or embryo can be an indicator of their developmental 
competence. The molecular composition of the follicular or uterine environment is 
hugely influential over the chemical content of the developing oocyte or embryo, 
having implications on their later embryonic development (Aardema et al. 2011; 
Ferguson and Leese, 1999; Adamiak et al. 2006; Sata et al. 1999; Kim et al. 2001). 
When a mother has a high fat diet or is obese, the elevated concentrations of FFAs in 
the blood, and systemic changes that can occur such as high blood insulin, or 
inflammation can have direct effects on the ovarian environment, leading to fertility 
complications (van Hoeck et al. 2011; Robker et al. 2009; Jungheim et al. 2011b). 
High concentrations of FFAs during oocyte growth and maturation leads to apoptotic 
follicles, fewer matured oocytes, poor COC morphology, cellular defects and 
reduced rates of blastocyst formation, while exposure of embryos to elevated FFAs 
increases the incidence of birth defects and smaller foetuses with low birth weights, 
and offspring have long-term problems (van Hoeck et al. 2011; Jungheim et al. 
2011b, 2011a, 2010). It has been shown that blastocysts transferred from mice on a 
high fat diet to surrogate normal mice have serious developmental defects (Luzzo et 
al. 2012), whereas, IVF of obese patients has increased success if eggs from a donor 
of normal weight are used (Luke et al. 2011; Jungheim et al. 2013). Weight loss is 
also seen to improve both natural and assisted fertility in obese patients (Clark et al. 
1998). 
The types of fatty acid present in the developing environment is also thought to 
influence cellular and embryonic potential. A developing egg or embryo normally 
has abundant oleic, palmitic and stearic acid within its lipid profile (Jungheim et al. 
2011b). However, higher levels of saturated fatty acids such as palmitic acid (PA) 
are found to coincide with reduced fertilisation rates, lesser developmental success, 
or birth defects (Jungheim et al. 2011a; Shaaker et al. 2012; Nonogaki et al. 1994), 
while higher concentrations of unsaturated fatty acids in embryos is indicative of 
more promising developmental success (Haggarty et al. 2006). Interestingly, the 
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negative effects of saturated PA can be counteracted by monounsaturated oleic acid 
(OA), which has a protective role in cells (Das et al. 2010; Aardema et al. 2011; 
Shaaker et al. 2012). 
 
Overall, based on the overview above, it is clear that the chemical identification of 
lipids comprising LDs in living mouse eggs and embryos by hyperspectral CARS 
microscopy can provide very valuable information, which I have addressed in this 
study as described in the following results sections. The hyperspectral CARS 
measurements described in this study have shown that feeding cells with certain fatty 
acids can change their lipid profile, unveiling a whole new level of understanding of 
lipid metabolism in the mammalian egg or embryo. 
 
5.2. Hyperspectral imaging of oocytes and MII eggs 
 
Hyperspectral CARS images of LDs in GV oocytes and MII eggs were taken with 
the settings described in Chapter 2, section 2.8.1. They were analysed with in-house 
developed software HIA to retrieve Raman-like spectra by determining the 
imaginary part of the complex CARS susceptibility at each spatial point (Masia et al. 
2013, 2015). 
The shape of the retrieved vibrational spectra at LD positions in both developmental 
stages is characteristic of poly-unsaturated FAs (Fig.5.2.1 (A) and (C)). A prominent 
band is seen at ~2930 cm
-1
 (labelled on spectra as ϕ) from the CH3 stretch and 
asymmetric CH2 stretch vibrations enhanced by the broadening and shift of the CH 
deformations in the liquid disordered phase, a less prominent peak at ~2850 cm
-1
 
(labelled on spectra as *) corresponds to the symmetric CH2 stretch, and a third peak 
at ~3010 cm
-1
 (labelled on spectra as ψ) corresponds to the =CH stretch (Di Napoli et 
al. 2014a, 2014b). Spectra were consistently of similar shape both across multiple 
LDs within the same cell, as shown in Fig.5.2.1. (B) and (D), and across different 
cells of both developmental stages (Fig.5.2.1. (A) and (C)), and line-shape was not 
affected by LD position or brightness.  
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Fig.5.2.1. Hyperspectral Analysis of Lipid Droplets in GV and MII Stage 
Mouse Eggs 
Vibrational Raman-like spectra Im(χ) obtained from CARS hyperspectral images of 
(A) example LDs in all GV oocytes (n=7) and (B) 3 LDs in the same GV oocyte, 
shown in the accompanying image; (C) example LDs in all MII eggs (n=7) and (D) 3 
LDs in the same MII egg, shown in the accompanying image. (E) Raman spectra of 
pure oleic acid (OA) and palmitic acid (PA) in the solid (ordered) phase (digitised 
from spectra given by Sigma), against the retrieved PCKK spectrum of glycerol 
trioleate (GTO- oleic acid in its triglyceride form. Spectra are normalised to the total 
area. Peaks: (*) ~2850 cm-1 correspond to the symmetric CH2 stretch; (
δ) ~2880 cm-
1 to the asymmetric CH2 stretch, especially enhanced in ordered/solid-phase; (
ϕ) 
~2930 cm-1 to CH3 and asymmetric CH2 stretch vibrations, enhanced in 
disordered/liquid-phase acyl chains; (ψ) ~3010 cm-1 correspond to the =CH stretch. 
Note, the intensity ratio between bands at 2880 cm-1 and 2850 cm-1 can be used as 
a measure of acyl chain order; the ratio between peaks at 2930 cm-1 and 2850 cm-1 
can be used to ascertain chain disorder. Accompanying images show the 10µm x 
80-100µm area over which hyperspectral scans were obtained. Scale bars 
represent 10µm. Data from ≥2 trials, using 1-3 mice each. 
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Quantitative analysis of these peaks enables further confirmation of the LD 
composition in these populations of eggs, and are shown in Table 3. The ratio 
between peaks at ~2930 cm
-1
 (CH3 and asymmetric CH2) and ~2850 cm
-1
 (CH2), can 
be used as a measure of chain disorder and is expected to be higher in 
polyunsaturated fatty acids. The ratio between peaks at ~3010 cm
-1
 (=CH) and 
~2850 cm
-1 
(CH2) can be used as a measure of unsaturation, thus is expected to be 
near zero in saturated fatty acids. It is clear that spectra of LDs in both GV and MII 
eggs show characteristics of poly-unsaturated fatty acids: the 2930cm
-1
/2850cm
-1
 
ratio values, showing chain disorder (1.19 and 1.21, respectively), are higher than 
both those of pure mono-unsaturated OA (0.91) and pure saturated PA (0.53). 
Furthermore, the 3010cm
-1
/2850cm
-1
 ratio values, demonstrating the extent of =CH 
stretch ratio values (0.53 and 0.43, respectively) are also higher than those of pure 
OA (0.22) and pure PA (0.03). 
 
Hyperspectral analysis of MII stage bovine eggs revealed that the content of bovine 
egg LDs is similar to that of mouse: the main fatty acid component being of a poly-
unsaturated nature, as described, the most prominent band seen at 2930cm
-1
 
(Fig.5.2.2. (A)). The spectra remain consistent across LDs within the same egg 
(Fig.5.2.2. (B)), and across different eggs of different bovine species (Fig.5.2.2. (A)). 
Quantitative analysis shows that the level of disorder is high in bovine MII LDs, 
with a 2930cm
-1
/2850cm
-1
 peak ratio value of 1.33 (compared with 0.91 in pure 
mono-unsaturated OA), and the 3010cm
-1
/2850cm
-1
 ratio value of 0.43 (compared to 
0.22 of OA) demonstrates a larger extent of unsaturation (Table 3.). 
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Fig.5.2.2. Hyperspectral Analysis of Lipid Droplets in MII Stage Bovine Eggs 
Vibrational Raman-like spectra Im(χ) obtained from CARS hyperspectral 
images of (A) example LDs in all MII stage bovine eggs (n=10) and (B) 3 LDs 
in the same bovine egg, shown in the accompanying image; (C) Raman 
spectra of pure oleic acid (OA) and palmitic acid (PA) in the solid (ordered) 
phase (digitised from spectra given by Sigma), against the retrieved PCKK 
spectrum of glycerol trioleate (GTO- oleic acid in its triglyceride form. Spectra 
are normalised to the total area. Peaks: (*) ~2850 cm-1 correspond to the 
symmetric CH2 stretch; (
δ) ~2880 cm-1 to the asymmetric CH2 stretch, 
especially enhanced in ordered/solid-phase; (ϕ) ~2930 cm-1 to CH3 and 
asymmetric CH2 stretch vibrations, enhanced in disordered/liquid-phase acyl 
chains; (ψ) ~3010 cm-1 correspond to the =CH stretch. Note, the intensity 
ratio between bands at 2880 cm-1 and 2850 cm-1 can be used as a measure 
of acyl chain order; the ratio between peaks at 2930 cm-1 and 2850 cm-1 can 
be used to ascertain chain disorder. Accompanying images show the 10µm x 
80-100µm area over which hyperspectral scans were obtained. Scale bars 
represent 10µm. Data from 2 trials, using 1-3 cows each. 
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Vibrational Peak 
Ratio 
Pure OA 
Raman 
Spectrum 
Pure PA 
Raman 
Spectrum 
GV 
Oocyte 
LDs 
(n=7) 
MII Egg 
LDs 
(n=7) 
Bovine 
MII Egg 
LDs 
(n=10) 
2930cm
-1
/2850cm
-1 
(ϕ/*) 
0.91 0.53 1.19±0.14 1.21±0.14 1.33±0.14 
3010cm
-1
/2850cm
-1 
(ψ/*) 
0.22 0.03 0.53±0.11 0.43±0.08 0.43±0.12 
 
Table 3. Amplitude Ratios from the Vibrational Raman-like Spectra Im(χ) of 
Lipid Droplets in GV and MII Mouse Eggs, and MII Bovine Eggs, Against Pure 
Oleic and Palmitic Acid Raman Spectra 
The ratio between peaks at ~2930 cm-1 (φ- corresponding to CH3 and asymmetric 
CH2 stretch vibrations) and ~2850 cm
-1 (*- corresponding to the symmetric CH2 
stretch) can be used as a measure of chain disorder and is expected to be higher in 
polyunsaturated fatty acids. The ratio between peaks at ~3010 cm-1 (Ψ- 
corresponding to the =CH stretch) and ~2850 cm-1 can be used as a measure of 
unsaturation, thus is expected to be near zero in saturated fatty acids. Mouse GV 
and MII eggs, and bovine MII eggs show a value indicative of polyunsaturated fatty 
acids. 
 
 
5.3. Lipid Droplet content after fatty acid-feeding 
 
After incubation in different FAs, the chemical composition of LDs reflects that of 
the FA supplements. Hyperspectral imaging was performed with the same settings 
described above, on MII eggs that had been in vitro matured overnight in differing 
concentrations of mono-unsaturated oleic acid and saturated palmitic acid. After 
incubation overnight (~18hrs) with 100 µM OA (Fig.5.3.1. (A)), the retrieved 
vibrational spectrum from LDs in MII eggs was shifted from the spectrum of poly-
unsaturated lipids originally observed in MII in Fig.5.2.1, towards the Raman 
spectrum of mono-unsaturated OA in its TAG form- glycerol trioleate (GTO) 
(Fig.5.3.1. (C)). After incubation with 100 or 250 µM PA (Fig.5.3.1. (B)), the Raman 
spectrum of MII LDs tends to shift even more towards a saturated FA-like line shape 
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(as seen in Fig.5.3.1. (C)), with a more pronounced peak at 2850 cm
-1
 and reduced 
=CH resonance at ~3010 cm
-1
. 
 
Fig.5.3.1. Hyperspectral Analysis of Lipid Droplets in GV and MII Stage 
Mouse Eggs after in vitro Fertilisation in Fatty Acid-Containing Media 
Vibrational Raman-like spectra Im(χ) obtained from CARS hyperspectral 
images of (A) 3 LDs in an MII egg in vitro matured in 100µM oleic acid 
(n=16), and (B) 3 LDs in MII eggs in vitro matured in 100µM (n=31) or 250µM 
palmitic acid (n=33), LDs shown in the accompanying images. (C) Raman 
spectra of pure oleic acid (OA) and palmitic acid (PA) in the solid (ordered) 
phase (digitised from spectra given by Sigma), against the retrieved PCKK 
spectrum of glycerol trioleate (GTO- oleic acid in its triglyceride form. Spectra 
are normalised to the total area. Peaks: (*) ~2850 cm-1 correspond to the 
symmetric CH2 stretch; (
δ) ~2880 cm-1 to the asymmetric CH2 stretch, 
especially enhanced in ordered/solid-phase; (ϕ) ~2930 cm-1 to CH3 and 
asymmetric CH2 stretch vibrations, enhanced in disordered/liquid-phase acyl 
chains; (ψ) ~3010 cm-1 correspond to the =CH stretch. Note, the intensity 
ratio between bands at 2880 cm-1 and 2850 cm-1 can be used as a measure 
of acyl chain order; the ratio between peaks at 2930 cm-1 and 2850 cm-1 can 
be used to ascertain chain disorder. Accompanying images show the 10µm x 
80-100µm area over which hyperspectral scans were obtained. Scale bars 
represent 10µm. Data from 4 trials, using 1-3 mice each. 
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Quantitative analysis of these peaks shows that with fatty acid feeding, the chemical 
composition of LDs does in fact shift towards that of the exogenous fatty acid within 
the maturation media, reflected by the Raman spectra obtained and shown in Table 
4. When supplemented with OA, the MII egg LDs shifted from their 2930cm
-
1
/2850cm
-1
 ratio value from 1.21 to 1.02 which is much closer to that of pure OA 
(0.91). The 3010cm
-1
/2850cm
-1
 ratio value shifted from 0.43 to 0.38 which is, again, 
more reflective of the lower extent of unsaturation (0.22) seen in pure OA. When 
supplemented with PA, the eggs shifted their LD 2930cm
-1
/2850cm
-1
 ratio value 
from 1.21 to 0.97, which is less than seen with OA, indicating a bigger shift towards 
the pure PA spectrum (2930cm
-1
/2850cm
-1
 value of 0.53). The 3010cm
-1
/2850cm
-1
 
ratio value became 0.20, which was again lower than that of pure OA (Table 4.). 
Pure PA 3010cm
-1
/2850cm
-1
 ratio value is as low as 0.03, but it is clear that there is 
still a mixed presence of fatty acids within the LDs, as feeding eggs with fatty acids 
will not completely replace the LD content. 
 
Vibrational Peak 
Ratio 
Pure OA 
Raman 
Spectrum 
Pure PA 
Raman 
Spectrum 
MII Egg 
LDs 
(n=7) 
OA-
supplemented 
MII Egg LDs 
(n=3) 
PA-
supplemented 
MII Egg LDs 
(n-6) 
2930cm
-1
/2850cm
-1 
(ϕ/*) 
0.91 0.53 1.21±0.14 1.02±0.05 0.97±0.04 
3010cm
-1
/2850cm
-1 
(ψ/*) 
0.22 0.03 0.43±0.08 0.28±0.01 0.2±0.03 
 
Table 4. Amplitude Ratios from the Vibrational Raman-like Spectra Im(χ) of 
Lipid Droplets in Un-supplemented and Supplemented MII Mouse Eggs, 
Against Pure Oleic and Palmitic Acid Raman Spectra  
The ratio between peaks at ~2930 cm-1 (φ- corresponding to CH3 and asymmetric 
CH2 stretch vibrations) and ~2850 cm
-1 (*- corresponding to the symmetric CH2 
stretch) can be used as a measure of chain disorder and is expected to be higher in 
polyunsaturated fatty acids. Oleic- and palmitic acid-supplemented eggs appear to 
have a lower ratio of these peaks than un-supplemented MII eggs. The ratio 
between peaks at ~3010 cm-1 (Ψ- corresponding to the =CH stretch) and ~2850 cm-
1 can be used as a measure of unsaturation, thus is expected to be near zero in 
saturated fatty acids. MII eggs show a value indicative of polyunsaturated fatty 
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acids, while oleic acid- and palmitic acid-supplemented eggs show increased 
saturation in the direction of pure oleic and palmitic acid spectra. 
5.4. Hyperspectral imaging of embryos 
 
Raman-like spectra derived from LDs of a 2Cell embryo are shown in Fig.5.4.1 (A). 
It is clear that these LDs are of a similar lipid composition as GV and MII stage 
eggs, and show poly-unsaturated FA spectral characteristics, with prominent peaks at 
2930cm
-1
 and 3010cm
-1
. This was also quantitatively shown by the 2930cm
-
1
/2850cm
-1
 ratio value of 1.16 and 3010cm
-1
/2850cm
-1
 ratio value of 0.45, being 
higher than that of OA (Table 5.). 
 
Retrieved spectra of the large LDs seen in a morula-stage embryo appeared to have a 
less prominent band at 2930cm
-1
 relative to the 2850cm
-1
 peak (Fig.5.4.1. (B)), and a 
less pronounced peak at 3010cm
-1
, suggesting reduced unsaturation and increased 
chain order (more symmetry and fewer ‘kinks’ caused by the presence of double 
bonds). However, peak ratio analysis demonstrates that LDs in this embryo are in 
fact of poly-unsaturated nature, the ratio values of all peaks being higher than that of 
OA (Table 5.). 
Hyperspectral imaging of the highly variable LDs observed in blastocyst-stage 
embryos, however, showed that within the same embryo, LDs had differing 
compositions of saturated and unsaturated FAs (Fig.5.4.1. (C)). Some LD profiles 
were seen to be similar to the previous developmental stages, but other droplets had 
a less prominent 2930 cm
-1
 band relative to the 2850 cm
-1
 peak characteristic of a 
lower extent of unsaturation and increased acyl chain order. There was no observed 
difference between bigger versus smaller LDs, nor comparing those of the ICM and 
trophoblast. 
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Fig.5.4.1. Hyperspectral Analysis of Lipid Droplets in 2Cell, Morula and 
Blastocyst Stage Early Mouse Embryos 
Vibrational Raman-like spectra Im(χ) obtained from CARS hyperspectral 
images of (A) LDs in a 2Cell stage embryo (n=1); (B) LDs in a morula stage 
embryo (n=1); (C) 3 LDs in two different blastocyst stage embryos (n=14), 
‘Embryo 2’ shown in the accompanying image; (D) Raman spectra of pure 
oleic acid (OA) and palmitic acid (PA) in the solid (ordered) phase (digitised 
from spectra given by Sigma), against the retrieved PCKK spectrum of 
glycerol trioleate (GTO- oleic acid in its triglyceride form. Spectra are 
normalised to the total area. Peaks: (*) ~2850 cm-1 correspond to the 
symmetric CH2 stretch; (
δ) ~2880 cm-1 to the asymmetric CH2 stretch, 
especially enhanced in ordered/solid-phase; (ϕ) ~2930 cm-1 to CH3 and 
asymmetric CH2 stretch vibrations, enhanced in disordered/liquid-phase acyl 
chains; (ψ) ~3010 cm-1 correspond to the =CH stretch. Note, the intensity 
ratio between bands at 2880 cm-1 and 2850 cm-1 can be used as a measure 
of acyl chain order; the ratio between peaks at 2930 cm-1 and 2850 cm-1 can 
be used to ascertain chain disorder. Accompanying images show the 10µm x 
80-100µm area over which hyperspectral scans were obtained. Scale bars 
represent 10µm. Data from 2 trials, using 1-3 mice each. 
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Quantitative information shows us that the 2930cm
-1
/2850cm
-1
 and 3010cm
-
1
/2850cm
-1
 peak ratio values of LDs 1 and 2 within ‘Blastocyst 2’ was lower than 
that of OA, showing a more saturated FA composition, whereas, those of LD 3 were 
higher, and characteristic of the poly-unsaturated LDs previously seen, confirming 
this variability of LDs within the same embryo (Table 5.). 
 
 
 
Table 5. Amplitude Ratios from the Vibrational Raman-like Spectra Im(χ) of 
Lipid Droplets in GV and MII Mouse Eggs, and 2Cell, Morula and Blastocyst 
Stage Mouse Embryos, Against Pure Oleic and Palmitic Acid Raman Spectra  
The ratio between peaks at ~2930 cm-1 (φ- corresponding to CH3 and 
asymmetric CH2 stretch vibrations) and ~2850 cm
-1 (*- corresponding to the 
symmetric CH2 stretch) can be used as a measure of chain disorder and is 
expected to be higher in polyunsaturated fatty acids. The ratio between 
peaks at ~3010 cm-1 (Ψ- corresponding to the =CH stretch) and ~2850 cm-1 
can be used as a measure of unsaturation, thus is expected to be near zero 
in saturated fatty acids. 2Cell and morula-stage embryos appear to show 
values reflecting poly-unsaturated fatty acids, whereas, the variable LDs in 
blastocyst embryos are shown to have differing characteristics, some of a 
poly-unsaturated nature, and some showing line-shapes that are saturated 
fatty acid-like. 
 
Vibrational 
Peak Ratio 
Pure 
OA 
Raman  
Pure 
PA 
Raman  
2Cell 
Embryo 
LDs 
(n=1) 
Morula 
Embryo 
LDs 
(n=1) 
Blastocyst 
Embryo 2 
LDs 1 & 2 
(n=2) 
Blastocyst 
Embryo 2 
LD 3  
(n=2) 
2930cm
-
1
/2850cm
-1 
(ϕ/*) 
0.91 0.53 
1.16 
±0.11 
1.18 
±0.05 
0.82 
±0.15 
1.32 
±0.11 
3010cm
-
1
/2850cm
-1 
(ψ/*) 
0.22 0.03 
0.45 
±0.04 
0.35 
±0.05 
0.12 
±0.05 
0.30 
±0.04 
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5.5. Discussion 
 
These data show that hyperspectral imaging using CARS microscopy can be used to 
provide information on and distinguish differences in the chemical composition of 
LDs within living oocytes and early embryos, specifically with regards to their 
degree of saturation. LDs in the normal mouse oocyte and egg stages, along with the 
early preimplantation embryo stages, were observed to be composed of a high 
proportion of poly-unsaturated FAs, and are quite homogeneous in composition 
across different LDs in the same cell. This was also shown to be true of bovine MII 
eggs, but is inconsistent with the previous reports that the most common fatty acids 
stored as TAGs in LDs of eggs of multiple species are saturated palmitic (16:0) and 
stearic (18:0) acids, and mono-unsaturated oleic acid (18:1) (McEvoy et al. 2000; 
Ferreira et al. 2010). Conversely, the variably large LDs found in blastocyst stage 
mouse embryos appear to be more heterogeneous, some displaying more saturated-
like FA spectra. Quantitative interpretation of these results using ratios of the 
2930cm
-1
 (CH3 and asymmetric CH2) peak relative to the 2850cm
-1
 band (CH2) to 
show the level of chain disorder- as associated with unsaturated FAs- and the 
3010cm
-1
 peak (=CH) relative to the 2850cm
-1
 peak as a measure of the extent of 
unsaturation, also demonstrates this observation. 
  
Hyperspectral CARS has the potential to be an interesting analytical or diagnostic 
tool, as previous research has shown the lipid composition of eggs and embryos 
themselves, as well as their culture environment, have a profound effect on their 
developmental potential. With knowledge of the LD content of eggs and embryos 
under ‘normal’ conditions, the LD composition under abnormal or detrimental 
conditions can be investigated. 
The environment in which a developing oocyte or embryo exists, has a significant 
influence over their lipid content, as well as their quality and competence. It has been 
previously shown that exposure of oocytes to excess FAs, both in vivo and in vitro 
affects subsequent embryo development after fertilization. van Hoeck et al. 2011 
reported that elevated free fatty acids (FFAs) during maturation in culture lead to 
serious blastocyst defects and reduced their quality, and oocytes from women with 
higher concentrations of follicular fluid and serum FFAs are of poor morphology 
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(Jungheim et al. 2011b). These conditions are seen in women suffering from obesity, 
or who consume a high fat diet, and are associated with a reduction in successful 
fertility, despite efforts of the ovary to buffer against plasma fluctuations in FFAs 
(Fouladi-Nashta et al. 2009). Although the effects of obesity on oocyte, embryo and 
foetal development (outlined in section 5.1.) are likely to be multifactorial in 
affecting fertility, it has been shown that excess fatty acids undergo oxidation and 
produce cytotoxic ROS that are harmful to other organelles such as mitochondria 
(Wu et al. 2010, 2012). This may explain mitochondrial and spindle abnormalities 
also seen with obesity (Turner and Robker, 2014; Luzzo et al. 2012). However, it has 
been shown that not just excess fat is detrimental to blastocyst development, but 
underfeeding and lower body weight also presents reduced success rates and 
increased apoptosis (Grazul-Bilska et al. 2012; Kubandova et al 2014). It would be 
of interest to assess how the FA content of oocytes and embryos changes with 
exposure to different environmental factors such as obesity, a high fat diet, or 
underfeeding, in order to correlate LD composition with situations where known 
detrimental effects affect developmental potential. Hyperspectral CARS analysis 
would be a vital tool in improving knowledge and understanding of such cases. 
 
Many biomarkers exist in follicular fluid that may be used as indicators of oocyte or 
embryo potential, however, the type of FA found in follicular fluid has also been 
shown to be predictive of IVF success rates (Aardema et al. 2011; Shaaker et al. 
2012; O’Gorman et al. 2013). This suggests that in addition to the amount of lipid an 
oocyte is exposed to, the type of lipid LDs within an oocyte are composed of, or are 
exposed to will also influence its viability. Follicular fluid with higher 
concentrations of saturated FAs, likely to be taken up into the developing oocyte, is 
associated with poor embryonic development (O’Gorman et al. 2013). Whereas, 
unsaturated fatty acids are seen to improve fertility when included in the diet 
(Hammiche et al. 2011), and it was found that human embryos with higher 
concentrations of unsaturated FAs are more likely to develop beyond the 4Cell stage 
(Haggarty et al. 2006). This is potentially due to the fact that esterification of 
saturated fatty acids into TAGs is less efficient than that of mono-unsaturated fatty 
acids, meaning the FFAs become lipotoxic (Nolan and Larter 2009). Unlike previous 
studies, hyperspectral CARS imaging allows non-invasive assessment of the known 
predictors of cell quality, with regards to their LD content. Although no viability 
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tests were performed in conjunction with hyperspectral imaging, the scans were very 
fast (0.1µs per pixel, ~10seconds per image), over a small area (10µm x 100µm) of 
the egg and are highly unlikely to cause harm. 
 
Positive or negative effects of lipids also tend to depend on the particular FAs 
present. Palmitic acid has been shown to have detrimental effects to the developing 
egg or embryo, leading to birth defects or embryonic arrest (Jungheim et al. 2011a; 
Nonogaki et al. 1994). This embryonic arrest cannot be rescued by the addition of 
antioxidants, suggesting lipid peroxidation is not the cause of PA-induced damage 
(Nonogaki et al. 1994). However, oleic acid has been found to have positive effects 
on eggs and embryos, promoting the formation of TAGs and their storage in LDs 
(Shaaker et al. 2012; Das et al. 2010; Aardema et al. 2011). OA has even been found 
to reverse the negative effects of palmitic acid and other saturated FAs (van Hoeck et 
al. 2011; Shaaker et al. 2012).  
Here, the reports that the fatty acid composition of LDs in eggs reflects that of their 
culture environment are supported, and it is also shown that the lipid content of LDs 
can be changed if oocytes are exposed to saturated or unsaturated FAs. Eggs were 
matured in differing concentrations of OA and PA in order to see how the lipid 
profile of LDs changed in response to changing environmental fatty acid 
concentrations. The concentration range used were reflective of previously 
demonstrated effects upon embryo viability (Aardema et al. 2011; Jungheim et al 
2011), and PA concentrations likely to be present in the follicular fluid of women 
over moderate bodyweight (Wu et al. 2012). When supplemented with a particular 
FA, the chemical composition of LDs resembled that of the FA supplements, 
providing information that promises to improve the understanding of the respective 
positive and negative effects of OA and PA. There is a lack of concordance between 
pure lipid spectra and those of fatty acid-supplemented LDs, due to the mixture of 
FAs still composing each droplet. It is highly unlikely that the FAs comprising the 
LDs will not become purely replaced by the supplement lipid. The spectra of pure 
PA shown is in its solid phase (melting point at 60º C) with the peak at 2880/cm in 
the Raman spectrum being a signature of such ordered state. The supplemented PA is 
likely to be in liquid phase (disordered), and the spectra from PA-supplemented eggs 
reflect this. 
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Due to the observations made, methods described here could be used in future 
studies of embryo quality. Previous knowledge of the content of embryos with 
successful embryonic development, and the characteristics of eggs or embryos likely 
to have low developmental competence, provides information as to allow the 
hyperspectral assessment of the most promising embryo in assisted reproductive 
technologies. These findings also present a promising notion that as well as the 
potential use of hyperspectral CARS for lipid analysis of eggs and embryos from 
women undergoing ART, the culture media used in such techniques can be 
manipulated on an individual basis in order to improve fertility outcomes. 
Polyunsaturated FAs (PUFAs) are thought to improve embryo development rates, 
especially those with a C=C bond in the n-6 (omega-6) position i.e. 6-carbons from 
the methyl end (Jungheim et al. 2013; Zachut et al. 2010; Hammiche et al. 2011). It 
may be possible that including n-6 PUFAs such as arachadonic acid (20:4, n-6) in 
IVF embryo culture media may improve the success rates of embryos previously 
exposed to high concentrations of saturated FAs e.g. from overweight or obese 
women. This would result in a shift in the average Raman peak ratios, allowing 
further indication for selection of the best quality embryos.  
 
In this chapter, hyperspectral CARS imaging enabled investigation into the chemical 
composition of LDs in mammalian oocytes, eggs and embryos. Calculation of the 
ratios of saturated to unsaturated FAs showed that the majority of LDs appeared to 
be composed of poly-unsaturated FAs, while it was found that this LD content could 
be influenced by the composition of the surrounding media. These results provide 
further support for the use of CARS as an informative method of assessment of egg 
or embryo metabolic level.  
 
  
   
144 
 
Chapter 6. Comparison of CARS imaging and 
use of conventional lipid dyes 
 
6.1. Introduction 
 
Thus far, it has been established that CARS can be used to identify lipid droplets and 
assess their content in a non-invasive manner, compatible with continued early 
development. In order to compare CARS specificity to that of conventionally-used 
lipid dyes, a correlative study involving simultaneous CARS and TPF measurements 
was performed to identify if CARS is a superior technique and how it could be used 
instead of these stains. The broadband spectrum of the fs laser pulses used in the 
CARS set-up allows for TPF and SHG imaging simultaneously with CARS: the 
beam centred around 940nm can be used for two-photon absorption of fluorophores 
such as GFP or Alexa488 which create TPF emission at ~510nm. It can also be used 
for SHG emission at ~470nm. TPF and SHG are detectable separately to each other 
and CARS (see Chapter 2, section 2.8.). 
 
Lipid biology is commonly studied using fluorescence microscopy. A large number 
of lipophilic dyes are available, which are able to stain lipids within droplets and 
lipid membranes, allowing visualisation of structures at high magnifications and high 
resolution e.g. confocal microscopy. Nile red is a red-emitting lipophilic dye that has 
been widely used to study LDs in oocytes and somatic cells across multiple species. 
Previous studies have used Nile red to quantify LD number and total lipid content of 
cells, and it has also been used in co-localisation studies with mitochondria (Genicot 
et al. 2005; Romek et al. 2011; Ghanem et al. 2014; Leroy et al. 2005; Sturmey et 
al. 2006). BODIPY 493/503 and LipidTOX are green-emitting neutral lipid stains 
commonly used to investigate lipid droplet biology. These are regarded as high-
quality lipid dyes, with high photo-stability and absorption (ThermoFisher 
Scientific), and have, again, been used to demonstrate LD biology in multiple 
species. Uses such as LD quantification, measurement of LD size, distribution and 
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relative intensity have been described (Aardema et al. 2011; Sutton-McDowell et al. 
2012; Wu et al. 2010; Yang et al. 2012; del Collado et al. 2015; Watanabe et al. 
2010). 
An obvious drawback of using lipid stains is the fact that the use of dyes is invasive. 
Multiple factors mean that fluorescent dyes are not useful for diagnostic assessments 
as required in the reproductive field. Introduction of molecules to cells is always a 
risk, due to the unknown disruption they may cause to cellular processes and 
development. The excitation light used for fluorescence often induces photo-toxicity, 
which is unacceptable in such sensitive cells as eggs or embryos, and dyes are often 
unspecific, staining more than is desired for imaging. Fluorescent dyes also often 
undergo photo-bleaching over time, making them less useful for repeated 
measurements over long periods of time. Furthermore, Nile red, BODIPY and 
LipidTOX dyes are best used on fixed cells, despite the fact that BODIPY 493/503 is 
marketed as able to stain live cells for imaging.  
It is also found that Nile red and BODIPY are not specific in their staining of LDs, 
and their staining capacity differs from cell to cell (O’Rourke et al. 2009; Gocze and 
Freeman, 1994; Ohsaki et al. 2010). In comparison with CARS microscopy, it has 
been shown by several groups that these lipid dyes do not specifically stain LDs, for 
example in C. elegans (Hellerer et al. 2007; Klapper et al. 2011; Le et al. 2010; 
Wang et al. 2011b; Yen et al. 2010). CARS, on the contrary, is able to reliably 
identify lipids in biological tissues in a chemically-specific and label-free manner. 
The high signal obtained from lipids densely packed in 3D LDs allows for the 
specific investigation of these vesicles. Thus, CARS is an ideal method of 
microscopy for the desired measurements in reproductive specimens. Furthermore, 
fluorescent lipid dyes are notoriously difficult to quantify, due to differing intensity 
levels and staining patterns, making it difficult to come to valid conclusions about 
the amount of lipid or total number of droplets observed. CARS is potentially 
superior in that it is a quantifiable method that is chemically specific for lipids.  
 
In order to examine how efficient BODIPY 493/503 and LipidTOX are in their 
staining of LDs in mouse eggs, TPF of fixed oocytes and eggs fluorescently-labelled 
with these dyes was used alongside simultaneous CARS measurements. BODIPY 
493/503 and LipidTOX were chosen due to their green-emitting properties, which 
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are compatible with both the TPF incident light in the microscope set-up, and the 
ability to measure the fluorescence signal separately to the CARS signal being 
simultaneously obtained. The SHG detection channel was used to measure any 
autofluorescence from the sample, as this emission is blue-shifted compared to the 
green emission of the lipid dyes (and no endogenous SHG is expected in these 
samples). In addition, MII eggs stained with Nile red were imaged on a confocal 
microscope, in order to compare the staining pattern with LDs seen with CARS 
imaging. Simultaneous CARS measurements were not possible due to the red-
emission of Nile red. 
 
For those measurements that were taken simultaneously, correlation coefficients 
were calculated by assessing co-localisation of signals in the two channels (CARS 
and TPF) in order to quantitatively investigate the effectiveness of the lipid stains 
against the known-to-be specific CARS signal. Correlation assessments were 
enabled using the ‘Correlation Threshold’ Image J plug-in. Co-ordinate correlation 
of pixels above a certain intensity threshold is calculated to give a Pearson’s 
correlation coefficient (see Chapter 2, section 2.9.5.)- a number between 0 and 1, 
which demonstrates the degree of significant correlation between CARS and TPF 
images. It is generally accepted that there is a correlation between channels if the 
Pearson’s coefficient is >0.5, but this correlation is not significant unless the 
coefficient is >0.95 (95% statistical confidence limit). Through this method, scatter 
plots are generated to show the linear relationship between pixels in corresponding 
CARS (x axis) and TPF (y axis) images, giving a more visual idea of the high or low 
co-localisation of CARS (lipid droplets) and TPF (lipid dyes) signals. 
 
It is hypothesised that CARS will present as a superior method of imaging lipids, as 
it is label-free and chemically-specific, and can be used on live cells. Fluorescent 
lipid stains are often unspecific, and are incompatible with continued cell culture and 
viability, while lacking the quantitative capabilities promised by CARS imaging. 
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6.2. Qualitative use of dyes vs. CARS 
 
Both LipidTOX and BODIPY 493/503 dyes were used to stain GV and MII eggs. 
Fig.6.2.1. (A-D) shows maximum intensity DIC projections taken of eggs prior to 
CARS imaging. 
Simultaneous CARS and TPF imaging revealed that when incubated as per 
manufacturer’s instructions (see Chapter 2, section 2.3.5.), the dyes stained more 
structures than solely lipid droplets within the egg cytoplasm, at both developmental 
stages. This is seen when comparing TPF (Fig.6.2.1. (I-L)) images and CARS 
images (Fig.6.2.1. (E-H)), demonstrated clearly when overlaying TPF images with 
false-coloured CARS images (Fig.6.2.1. (M-P)). Many intracellular vesicles that are 
not lipid droplets were stained, shown in TPF images but not in CARS images. 
Whereas, in some cases LDs revealed by CARS were not stained at all and were 
missing from the TPF images, suggesting a low specificity and potentially low 
incorporation. 
It appears that the BODIPY 493/503 stain is more specific to LDs than LipidTOX, 
however, it still stains other structures (see green staining in Fig. 6.2.1. (M-P)). 
BODIPY 493/503 also gives a stronger signal, seemingly the better of the two dyes 
(see ph.e
-
/sec Fig.6.2.1.). Using the SHG channel, an emission is detectable in a 
spectral range blue-shifted from the green emission band of the lipid dyes, allowing 
simultaneous collection via a third PMT. Since these samples are unlikely to have 
endogenous SHG (known to originate from structures such as collagen fibres), SHG 
images effectively showed autofluorescence from multiple cellular organelles 
(Fig.6.2.2. (E)). Although producing a signal ~ 15 times lower than the fluorescent 
dye emission, this demonstrates that that these fluorescence imaging techniques are 
not free from background.  
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Fig.6.2.1. Two-Photon Fluorescence of BODIPY 493/503 and LipidTOX 
Staining of Lipid Droplets against CARS Imaging in GV and MII Stage Mouse 
Eggs 
(A-D) Single plane (approximately equatorial DIC images using a 1.27 NA 
water objective and a 1.4 NA oil condenser, (E-H) false-coloured CARS 
images at wavenumber 2850cm-1 and (I-L) TPF xy images, accompanied by 
(M-P) false-coloured overlays, of fixed GV and MII eggs stained with 
BODIPY (n=23 and 30, respectively) or LipidTox green neutral lipid stain 
(n=7 and 20, respectively). All images are maximum intensity projections of 
stacks with 0.5µm z-steps. 0.1x0.1µm pixel size; 0.01ms pixel dwell time; 
~12mW (~9mW) Pump (Stokes) power at the sample. CARS and TPF signal 
intensities are given in photoelectrons per second (ph.e-/sec) and scale bars 
represent 10µm. Data from ≥4 trials, using 1-3 mice each. 
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Fig.6.2.2. Two-Photon Fluorescence and Second Harmonic Generation 
Microscopy of BODIPY 493/503 Staining of Lipid Droplets against CARS 
Imaging in GV Stage Mouse Eggs 
(A) Single z-plane DIC, (B) false-coloured CARS xy image at wavenumber 
2850cm-1; (C) TPF xy image; (D) false-coloured overlay of CARS and TPF 
images, and (E) SHG xy image of a fixed GV oocyte stained with BODIPY 
(n=10). 0.1x0.1µm pixel size; 0.01ms pixel dwell time; ~12mW (~9mW) 
Pump (Stokes) power at the sample. CARS, TPF and SHG signal intensities 
are given in photoelectrons per second (ph.e-/sec) and scale bars represent 
10µm. Data is from 1 trial, using 2 mice. 
 
 
Nile red was also investigated, as it is an example of a commonly-used lipid stain. 
Due to its red emission, measurements were taken on a confocal microscope, and 
CARS images were not taken simultaneously (Fig.6.2.3.). It is apparent from 
confocal images that Nile red stains LDs, but it is not obvious if smaller droplets or 
those in aggregates are resolvable, and there is no way of quantifying the amount or 
type of lipids present. Due to the impossibility of comparing Nile red to CARS 
imaging in our set-up, there is also no way of determining how well Nile red is 
capable of labelling LDs, and how specific it is to these organelles only. 
 
 
 
 
 
150 
 
 
 
Fig.6.2.3. Confocal Fluorescence of Nile Red Staining of Lipid Droplets in MII 
Stage Mouse Eggs 
(A) Single z-plane DIC and (B) false-coloured maximum intensity projection 
of confocal z-stack images of a fixed MII egg, LDs stained with Nile Red 
(n=9). 63x oil immersion objective with 2x optical zoom; 39% laser power, 
488nm ex. 500-580nm em.; 0.6µm step size over ~60µm, scanned at 400Hz 
(512x512 pixel resolution). Scale bars represent 10µm. Data is from 2 trials, 
using 2-3 mice for each. 
 
 
6.3. Quantitative use of dyes vs. CARS 
 
In order to achieve a more quantitative analysis of the specificity of these stains, 
Image J was used to perform correlation studies of the signal received from CARS 
compared with the TPF emission from the dye-stained lipids. The extent of signal 
co-localisation was determined using Pearson’s correlation coefficient analysis, 
where values of >0.5 indicate recognisable co-localisation, and coefficients of >0.95 
demonstrate significant co-localisation. 
An average Pearson’s correlation coefficient of 0.132 was found with LipidTOX 
staining of GV oocytes, and 0.102 in MII eggs, indicating no real co-localisation 
between CARS and TPF images of this dye. Alternatively, using BODIPY 493/503 
showed moderate co-localisation of CARS and TPF images with an average 
correlation coefficient of 0.792 for GV oocytes and 0.547 in MII eggs. Correlation 
scatter plots are provided as an output of this co-localisation analysis, in order to 
visually present the quantitative data. These show the extent of a linear relationship 
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between the pixels of CARS (x-axis) and TPF (y-axis) images (Fig.6.3.1.). 
LipidTOX demonstrates very little correlation in both GV and MII stages (Fig.6.3.1. 
(C) and (D)).  BODIPY 493/503 shows more of a linear relationship between image 
pixels, clearly more so in the GV stage (Fig.6.3.1. (A) and (B)).  
Due to the disparity between imaging systems and methods, it would not be possible 
to correlate CARS and Nile Red images. 
 
 
 
Fig.6.3.1. Scatter plots of Co-localisation of Two-Photon Fluorescence 
Measurements of Conventional Lipid Dyes with CARS Microscopy 
Measurements 
(A-D) Scatter plots of pixel-coordinate correlation between CARS (x-axis) 
and TPF images (y-axis), and the mean Pearson’s correlation coefficients of 
all investigated eggs, to show the degree of reliability of these dyes. A co-
localisation is apparent with a Pearson’s coefficient of >0.5, but is only 
considered significant if >0.95 as in accordance with normal 95% confidence 
limits. Data from ≥4 trials, using 1-3 mice each. 
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6.4. Discussion 
 
Many fluorescent lipid dyes are available for investigation of lipid droplet biology in 
multiple cell types. Several have previously been used to examine LDs in 
mammalian eggs, in an attempt to understand LD distribution and to quantify the 
lipid content of such cells. These include neutral lipid dyes such as BODIPY 
493/503, LipidTOX and Nile red (Yang et al. 2012; del Collado et al. 2015; Genicot 
et al. 2005). Other studies have made use of non-fluorescent lipid dyes such as 
methylene blue, Sudan III or Sudan black in order to measure the amount and size of 
LDs (Romek et al. 2009; Hishinuma et al. 1985; Abe et al. 2002). 
These dyes are commonly used to assess the large LDs seen in porcine and bovine 
oocytes (Sturmey et al. 2006; Leroy et al. 2005, Romek et al. 2011; Aardema et al. 
2011), but few efforts have been made to quantify mouse or human oocyte lipid 
content in this way. 
Staining with these dyes is incompatible with oocyte maturation or embryo 
development, even those which do not require fixation. Addition of stains to eggs or 
embryos is invasive and likely to hinder development, due to the unpredictable effect 
fluorophores may have on the cellular environment. Fluorescent labels are often 
bigger than the molecules they target, introducing unknown complications to cellular 
process (Min et al. 2011), and staining is usually carried out on fixed samples, 
preventing the ability to follow subsequent development. Fluorescent dyes also come 
with the risks of photo-damage, which is detrimental to continued cell growth and 
incompatible with continued viability. In in vivo medical applications, it is better not 
to use fluorophores, and to seek a label-free method of investigation. 
In addition to these shortcomings of the use of lipophilic dyes, and despite the 
sophistication of modern fluorescence applications, lipid staining raises critical 
concerns about specificity and thus their reliability. In the current study, the 
incubations were performed as described in manufacturer’s instructions and in 
previous studies, with consistent concentrations and incubation times across all 
experiments. However, inconsistent staining patterns, and variability in the 
brightness of staining across the same and different cell populations is seen. Klapper 
et al. (2011) describe a method of staining LDs in C. elegans with BODIPY 
493/503, using a shorter incubation time, and giving more efficient staining. 
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However, dyes often present these problems due to the unpredictability of the 
efficiency of their incorporation into cells and organelles (Wang et al. 2011b). For 
example, the extent of BODIPY staining has been shown to depend on the size of the 
LDs present (Harris et al. 2013), and it is unclear how well these dyes are able to 
penetrate the protective zona pellucida of egg cells. 
BODIPY and Nile red have previously been shown to lack specificity. O’Rourke et 
al. (2009) describe how BODIPY and Nile red stain lysosome-like vesicles rather 
than LDs, and the staining is often inconsistent. Nile red has been found to display 
more variability than BODIPY (Gocze and Freeman, 1994). Furthermore, it has been 
reported that Nile red and BODIPY stains do not correlate with signals obtained 
from chemically-specific methods such as CARS and SRS in C. elegans (Wang et al. 
2011b; Yen et al. 2010). It has also been shown that BODIPY 493/503 may produce 
red emission under certain conditions, so care must be taken that no erroneous results 
are recorded (Ohsaki et al. 2010). 
Nile red has proven as useful tool for the investigation of LDs, previously used 
alongside MitoTracker green in order to demonstrate LD and mitochondrial co-
localisation through the measurement of fluorescent resonance energy transfer 
(FRET) (Sturmey et al. 2006). However, the specificity of Nile red is uncertain, as it 
has been shown to stain other cellular structures such as the endoplasmic reticulum 
(ER) (Hellerer et al. 2007; Klapper et al. 2011; Wang et al. 2011b; Yen et al. 2010). 
Other methods of co-localisation investigation, such as using CARS may be 
beneficial.  
Images from the SHG detection channel show an autofluorescence background 
signal, which is an additional pitfall of fluorescence staining techniques, further 
demonstrating that the dyes are not selective enough to be reliably used to quantify 
lipid content of mouse oocytes. 
 
Co-localisation analysis was performed by calculating the Pearson’s correlation 
coefficient for pixels of chemically-specific CARS images with TPF images of green 
lipid dye-emission. Considered to be a good measure of the overlap of signals 
obtained from each imaging method, this analysis clearly demonstrated that although 
BODIPY 493/503 stains a number of vesicles that appear to coincide with LDs 
identified by CARS imaging, there was only a moderate correlation. LipidTOX also 
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showed only a very weak correlation of CARS and TPF signals in both GV oocytes 
and MII eggs, despite being a widely popular LD probe. The scatter plots also output 
give more of an idea of the extent of a linear relationship between the two signals. It 
was interesting to find that no linearity existed between LipidTOX, and CARS 
signals, but more of a correlation was found in GV oocytes stained with BODIPY 
493/503. Although Watanabe et al. (2010) describe a high degree of co-localisation 
between the THG signal and LipidTOX staining of LDs in mouse oocytes, THG is 
not a chemically-specific imaging method and overlay images obtained appear to be 
inconsistent with correlation values calculated. 
It was not possible to simultaneously measure CARS and TPF with Nile red, as the 
excitation and emission spectrum of this red-emitting dye is not compatible with the 
current microscope set-up. Instead, confocal fluorescence images were taken in order 
to visually compare these with CARS images. Nile red appeared to effectively stain 
multiple cellular vesicles, however, it is impossible to correlate these with CARS 
and provide chemical identification of these labelled vesicles. Previous studies 
correlating Nile red staining with CARS in C. elegans demonstrate its lack of 
specificity, and its tendency to also stain the ER (Hellerer et al. 2007; Klapper et al. 
2011; Wang et al. 2011b; Yen et al. 2010). 
 
Unlike CARS, fluorescence microscopy is very limited in its ability to provide 
quantitative information on the lipid content of cells (Yen et al, 2010). Due to the 
demonstrated lack in specificity of fluorescent dyes, any quantitative measurements 
are unreliable. Many studies have used dyes such as BODIPY and LipidTOX to 
count the number of LDs in eggs of multiple species, and to measure their diameter 
(Aardema et al. 2011; del Collado et al. 2015). However, the current study suggests 
it is not clear that the stained vesicles included in the calculations are in fact LDs, 
and the absolute count obtained may not be accurate. 
Dyes have also been extensively used in an attempt to quantify the lipid content of 
oocytes. However, fluorescence has a shortcoming in the fact that, unlike CARS 
microscopy, there is a lack of a linear relationship between the emitted signal and the 
actual quantity of lipid present (Wang et al. 2011b). Nile red has been used to 
quantify the lipid content in porcine and bovine oocytes (Romek et al 2011; Ghanem 
et al. 2014; Leroy et al .2005; Kim et al. 2012). Genicot et al. 2005 used Nile red to 
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quantify lipid content in multiple species relative to one another. While providing an 
interesting insight into the levels of lipid contained in different species with varying 
LD distribution, no absolute quantitative or specific chemical information is 
provided. It is also unclear how efficiently Nile red stains egg cells of different 
species, meaning results could be artefactual. 
Furthermore, these studies all appear to measure the relative fluorescence intensity to 
compare populations of eggs, which may be affected by unpredictable staining 
efficiency, photo-bleaching or even increased fluorescence intensity over time. This 
is particularly crucial in experiments attempting to measure the amount of lipid 
under differing culture conditions. BODIPY 493/503 and LipidTOX have been 
previously used to demonstrate lipid accumulation with increased fluorescence 
intensity in oocytes supplemented with high fat concentrations (Sutton McDowell et 
al. 2012; Wu et al. 2010; Yang et al. 2012; del Collado et al. 2015). Whereas, Nile 
red has been used to demonstrate a decrease in fluorescence intensity with increased 
metabolism (Romek et al 2011; Ghanem et al. 2014). It is not clear whether the 
intensity of the staining performed by these dyes changes over time, with ongoing 
cell processes, or under microscope conditions. 
Non-fluorescent lipid dyes such as methylene blue, Sudan III, and Sudan black have 
also been used to quantify LDs across multiple species (Romek et al. 2009; 
Hishinuma et al. 1985; Abe et al. 2002), but fixation methods associated with these 
may cause artificial fusion of LDs (Fukumoto and Fujimoto, 2002), and they often 
do not achieve results consistent with more reliable (albeit destructive) methods of 
lipid quantification previously employed (McEvoy et al. 2000). 
 
Overall, these data exemplify the limitations of LD staining reliability and 
specificity, and the advantage of label-free CARS imaging as a highly sensitive, 
reliable and quantitative method for measuring LDs in live mammalian oocytes, eggs 
and early embryos. 
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Chapter 7. Dynamic Monitoring of Lipid 
Metabolism in the Mouse Egg 
 
7.1. Introduction 
 
In previous chapters, the characterisation of LDs in mouse eggs and embryos has 
been allowed by use of CARS microscopy. Another aim of this study is to examine 
how lipid metabolism changes throughout development, and how this may be 
influenced by other factors that may affect developmental potential. 
 
The central metabolism of mammalian eggs and early preimplantation embryos 
relies solely on their extensive (>100,000) mitochondria, and the oxidation of 
various substrates for ATP production (Acton et al. 2004). The mitochondria of 
mammalian cells are recognised to be homogenously dispersed throughout the 
cytoplasm. However, it has been previously shown that at murine immature oocyte 
stages, mitochondria are clustered around the GV and it is at GVBD on initiation of 
maturation that they disperse and become more widely distributed (Yu et al. 2010; 
Sun et al. 2001; Nagai et al. 2006; Bavister and Squirrell, 2000). This redistribution 
of mitochondria is thought to be orchestrated by microfilaments, and is accompanied 
by ‘bursts’ of ATP (Yu et al. 2010). Sun et al. 2001 also find that mitochondria 
cluster around forming pronuclei after fertilisation, and at cleavage furrows as cell 
division continues. Divergence from this normal distribution of mitochondria is 
associated with lower developmental competence (Nagai et al. 2006; Wakai et al. 
2014). It is an ambiguous phenomenon that lipid droplets and mitochondria 
colocalise within the egg cytoplasm. Sturmey et al. (2006) used FRET measurements 
to demonstrate that mitochondria do in fact associate with LDs in porcine oocytes. It 
is logical that LDs and mitochondria colocalise in order for easy FA transfer, 
however, as previously demonstrated in Chapter 6, lipid dyes aren’t wholly reliable 
due to their lack of specificity and it is not known whether LDs co-localise with 
mitochondria in mouse oocytes, which are less dependent upon lipid oxidation. 
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Substrates metabolised by egg or embryo mitochondria vary depending on the 
species. For example, porcine and bovine oocytes contain large, prominent LDs and 
are thought to primarily metabolise fatty acids for energy. Whereas, pyruvate 
provided by surrounding follicular fluid, cumulus cells or culture media is 
understood to be the primary source of energy in mouse and human eggs, where LDs 
are smaller and less visible. Although lipid metabolism is shown to occur, and be 
essential for egg and embryo development, the contribution of β-oxidation to resting 
metabolism in the mouse egg is thus far unknown (Dunning et al. 2010). A number 
of techniques can be used to confirm the presence and importance of pyruvate and 
fatty acid oxidation as a source of energy. Measurement of pyruvate, amino acids or 
O2 consumption from in vitro culture media have previously been used to measure 
the level of metabolism occurring in egg and preimplantation embryos (Harris et al. 
2009; Houghton, 2006; Sturmey and Leese, 2003). 
The metabolism of substrates occurring in the mitochondria establishes what is 
known as the redox state of the cell. The chemical reactions occurring as part of the 
TCA cycle and oxidative phosphorylation transfer electrons to TCA cycle cofactors 
FAD
++
 and NAD
+
 reducing them to FADH2 and NADH, respectively. The redox 
potential is dependent on the amount of substrate available and extent of metabolism 
occurring, and can be determined by the ratios of NADH/NAD
+
 or FADH2/FAD
++
 
within the cell. Redox state can be used as a measure of the developmental 
competence of an egg or embryo, as it gives a measure of the amount of metabolism 
occurring. Reduced NADH and oxidised FAD
++
 display autofluorescence, with blue 
and green emission, respectively. Allowing fluorescence imaging of mitochondria in 
both oxidised and reduced states, it is possible to exploit this autofluorescence in 
order to measure the effects of metabolism of pyruvate and other substrates on the 
redox state of mouse oocyte mitochondria (Dumollard et al. 2007). NADH and 
FADH2 transfer electrons from the TCA cycle to the ETC, a series of mitochondrial 
membrane-bound proteins which pump protons across the IMM to create an 
electrochemical gradient, responsible for the MMP and the generation of ATP 
(Wilding et al. 2009; Dumollard et al. 2009). TMRE is a positively-charged dye 
easily sequestered into mitochondria due to their negative MMP, and once 
sequestered its fluorescence is quenched. The level of TMRE fluorescence can be 
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measured to investigate changes in MMP under certain conditions (Perry et al. 
2011). MMP can thus also be used to assess the redox state of cells, and their 
developmental competence (Van Blerkom et al. 2003).  
ATP generation can also be used as a measure of the extent of mitochondrial activity 
within the egg. Due to the requirement for ATP to catalyse the action of luciferase 
upon luciferin, the level of ATP can be measured using luminescence imaging (Yu et 
al. 2010; Campbell and Swann, 2006). Simply insufficient ATP production can be 
detrimental to cellular and embryonic development if there is a limited availability of 
metabolic substrates. It is clear from previous research that mouse oocytes and 
embryos perform fatty acid oxidation throughout maturation and early development, 
and that this metabolism is crucial for development, quality and viability of eggs and 
embryos. For example, β-oxidation is stimulated by oocyte maturation in the mouse, 
and inhibition of fatty acid oxidation using drugs such as etomoxir, which 
specifically inhibits CPT-mediated transport of fatty acids into the mitochondria, 
prevents maturation of the oocyte and hinders development to blastocyst (Downs et 
al. 2009; Dunning et al. 2010). L-carnitine promotes fatty acid uptake into 
mitochondria via CPTs, and adding it to culture media has been found to improve the 
rate of oocyte maturation, and increase the rate of blastocyst development after 
fertilisation (Dunning and Robker, 2012; Dunning et al. 2010; 2011). Furthermore, 
mouse embryos in culture are found to benefit from the addition of BSA to culture 
media, providing further fatty acids available for metabolism (Downs et al. 2009).  
Cinnamate is a specific inhibitor of monocarboxylate transport, including of 
pyruvate and lactate. Inhibiting pyruvate uptake into the mitochondria allows 
observation of the biochemical effects associated with this change in metabolic 
substrate availability. Rotenone inhibits electron transfer from Complex I to 
ubiquitin within the ETC, the effect of which would display any effects of inhibiting 
PDH activity. Starving mouse eggs of pyruvate affects the redox state, and ATP 
production, affecting developmental potential (Dumollard et al. 2007; 2008). 
However, there are also negative effects of too much mitochondrial activity. Excess 
pyruvate and fatty acid metabolism lead to the production of ROS, which have 
detrimental effects to other organelles and cellular molecules. ATP production 
reaches a saturation point where no more ATP can be generated, leading to a back-
up of TCA products and inefficient metabolism (Dumollard et al. 2009). Mice fed 
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with a high fat diet or bred to be genetically obese yield eggs that are of poor quality, 
have poor fertilisation rates, low rates of blastocyst development, developmental 
abnormalities and birth defects (Igosheva et al. 2010; (Jungheim et al. 2010). It is 
thought that many of these negative effects are repercussions of mitochondrial 
defects and altered mitochondrial activity (Turner and Robker 2014; Wu et al. 2010; 
Igosheva et al. 2010). It is clear from prior evidence that an intermediate level of 
mitochondrial activity is optimal for development. Thus, Leese (2002; 2007) 
proposes the ‘quiet embryo’ hypothesis: the quality of an egg or embryo is 
dependent on a low level of metabolic activity, reducing the risk of oxidative stress 
and apoptotic events. 
 
As discussed in Chapter 5, the type of fatty acid taken up into the mitochondria is 
also found to have differing effects on the development of an egg or embryo. Mono-
unsaturated OA and saturated PA are fatty acids commonly found in mammalian 
eggs and embryos (McEvoy et al. 2000). It appears that saturated fatty acids like PA 
have more of a detrimental effect on oocytes and embryos (Van Hoeck et al. 2011; 
2013; Borradaille et al. 2006; Valckx et al. 2014). However, it has been shown that 
unsaturated fatty acids such as OA can have positive effects on development, 
promoting maturation, and can even reverse the negative effects caused by saturated 
examples (Aardema et al. 2011, 2013). This is thought to be due to the fact that oleic 
acid promotes the formation of TAGs and thus the recruitment of free fatty acids into 
LDs, or because mono-unsaturated fatty acids (MUFAs) are more efficiently 
esterified into TAGs than saturated FAs (Shaaker et al. 2012; Cnop et al. 2001; 
Nolan and Larter, 2009). 
Also apparent under high PA concentrations is damage to the normal processes of 
the ER, known as ER stress (Das et al. 2010, 2008; Zhang et al. 2012; Gwiazda et al. 
2009). The ER stress response, as induced by a high lipid environment is 
characterised by impaired ER function and loss of Ca
2+ 
through IP3 receptors on the 
ER membrane, disrupting the important Ca
2+
 homeostasis of the cell. This also leads 
to other pathways of impaired protein folding, and MMP disruption, leading to ROS 
production and ultimately apoptosis (Wu et al. 2015, 2012; Gwiazda et al. 2009; 
Rutkowski et al. 2006). How excess lipid causes ER stress is as yet unclear. At 
fertilisation, transient Ca
2+
 release from the ER into the cytoplasm means that Ca
2+
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enters the mitochondrial matrix causing oscillatory increases in ATP (Campell and 
Swann, 2006). Sarco/endoplasmic Reticulum Ca
2+
 ATPase (SERCA) pumps in the 
ER membrane are responsible for pumping Ca
2+
 back into the ER Ca
2+
 store. It is 
likely that a large release of Ca
2+
 during the ER stress response results in too much 
Ca
2+
 entering the mitochondria, disrupting metabolic processes. Sutton-McDowall et 
al. (2016) found that FAD autofluorescence decreased with PA exposure, while Wu 
et al. (2012) describe a reduced MMP (less negative) in response to high 
concentrations of PA. Use of BAPTA to chelate Ca
2+
 in cells exposed to high 
concentrations of PA reduces cell death (Zhang et al. 2012), thus it is concluded that 
PA causes efflux of Ca
2+
 from the ER, likely due to activity at the SERCA pumps, 
preventing resorption of Ca
2+
 into the ER. 
 
In this chapter, characterisation of the metabolism of lipids in mammalian eggs and 
embryos in comparison with pyruvate allows further understanding of the 
importance of fatty acid metabolism in these cells. It is hypothesised that a 
considerable amount of β-oxidation is occurring within the mouse egg, due to its 
importance in continued development. Meanwhile, mitochondrial and LD 
colocalisation is expected for β-oxidation to occur, and can be investigated using 
simultaneous CARS and TPF experiments. Assessment of redox state, MMP and 
ATP production alongside metabolic changes enables measurement of the 
contribution of this fatty acid metabolism to the mitochondrial output. It is expected 
that a reduction in substrate metabolism (i.e. inhibition of β-oxidation) will cause a 
reduction in mitochondrial productivity. Altered metabolism is also likely to 
contribute to ER stress, quantified by investigation into the effects of altering 
metabolism on Ca
2+
 from the ER. 
Furthermore, CARS imaging allows visualisation of the effects of metabolism 
alteration on mammalian egg LDs, and gives further understanding of the natural 
changes that occur in LD distribution as seen in Chapter 3, suspected to reflect the 
amount of lipid metabolism occurring at each developmental stage. 
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7.2. Lipid Droplet and Mitochondrial Colocalisation 
 
Simultaneous CARS and TPF imaging allows investigation into the spatial 
relationship between cytoplasmic LDs and mitochondria in the mouse egg. 
Mitochondria exhibit autofluorescence with excitation spectra that are suitable for 
the TPF beam in this CARS set-up. However, this autofluorescence is very weak, 
almost undetectable under the excitation and detection conditions of our 
experiments. Therefore, cRNA encoding for a mitochondrial-targeted GFP 
(MitoGFP) was injected into eggs, and TPF excitation allowed detection of the 
fluorescent marker, alongside CARS measurements of lipid content. Mitochondria 
targeted with MitoGFP demonstrated a distribution concurrent with previous 
explanations, in both GV and MII stages (Dumollard et al. 2006; Fig.7.2.1.). In TPF 
images, mitochondria of immature oocytes can be clearly seen surrounding the GV 
(C), but are more widespread in the mature egg (G). A small amount of bleed-
through of the GFP fluorescence signal was found in the CARS detection channel, 
but the signal was approximately 1 order of magnitude lower than the CARS 
intensity given by LDs so did not prevent the ability to distinguish them (B and F). 
Image J was used to produce overlays of the TPF, and falsely coloured CARS 
channels, to give the best representation of how LDs and mitochondria are spatially 
located relative to each other (D and H). It does not appear in either developmental 
stage that the LDs are particularly arranged in the same distribution as the 
mitochondria, but this is not to say they are completely separate. Maximum intensity 
projections of the overlaid channels were made in an attempt to further investigate 
the colocalisation of organelles, but these gave no added insight due to the extensive 
amount of cytoplasmic space occupied by both LDs and mitochondria. 
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Fig.7.2.1. CARS of Lipid Droplets and Two-Photon Fluorescence of 
Mitochondria to Assess Colocalisation of Structures in GV and MII Stage 
Mouse Eggs 
(A) and (E) Single plane (approximately equatorial DIC images using a 1.27 
NA water objective and a 1.4 NA oil condenser, (B) and (F) false-coloured 
CARS images at wavenumber 2850cm-1, (C) and (G) TPF xy images, 
accompanied by (D) and (H) false-coloured overlays, of GV and MII eggs 
injected with mitoGFP (n=6 and 9, respectively). All images are maximum 
intensity projections of stacks with 0.5µm z-steps. 0.1x0.1µm pixel size; 
0.01ms pixel dwell time; ~12mW (~9mW) Pump (Stokes) power at the 
sample. CARS and TPF signal intensities are given in photoelectrons per 
second (ph.e-/sec) and scale bars represent 10µm. Data from 2 trials, using 
1-3 mice each. 
 
 
A video of the merged TPF and CARS stacks gives the best representation of their 
distribution and apparent colocalisation, allowing visualisation of how the 
mitochondria appear to surround the LDs in 3D (Fig.7.2.2.). It seems the organelles 
are associated, but not to a large extent, as there are plenty of mitochondria and LDs 
residing without the other. 
Again, there is the potential to correlate the signal given from CARS and TPF with 
DIC images of the eggs (Fig.7.2.1. (A) and (E)). Cytoplasmic ‘granules’ seen in DIC 
images may be discriminated as LDs or mitochondria once chemically confirmed by 
CARS and TPF techniques. 
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Fig.7.2.2. Videos of Colocalisation of Lipid Droplets with Mitochondria in GV 
and MII Stage Mouse Eggs using CARS Microscopy and Two-Photon 
Fluorescence 
Video through a 101-image z-stack (from bottom to top) of merged 
simultaneous CARS and TPF images of LDs and MitoGFP-tagged 
mitochondria, respectively, in (A) a GV oocyte, and (B) an MII egg. 
0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW 
(~9mW) Pump (Stokes) power at the sample. Videos are shown at 7 frames 
per second.  
Please scan either QR code above using your smart phone camera (you 
may need to install a QR Code Reader. Alternatively, videos can be 
accessed at: 
(A) https://www.youtube.com/watch?v=VDm9-US_48U 
(B) https://www.youtube.com/watch?v=gAlGIlzRsds 
 
 
An attempt was also made at viewing mitochondria using CARS at the vibrational 
frequency of mitochondrial membrane protein cytochrome (1573cm
-1
), as carried out 
by Walter et al. (2010). However, this effort proved to be unsuccessful due to the 
resonance of cytochrome being in the ‘fingerprint region’ of the lipid Raman 
spectrum (1200-2000cm
-1
), where CH2 and CH3 deformations give off a signal. 
Consequently, mitochondrial structures in CARS images at 1573cm
-1
 could not be 
distinguished from the relatively large lipid signal obtained. 
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7.3. Effect of Alteration of Fatty Acid Metabolism on 
Mitochondrial Redox State and Membrane Potential 
 
In order to investigate how the alteration of fatty acid metabolism affects 
mitochondrial redox state, conventional epifluorescence with a x20 objective was 
used, with 460nm excitation and 510-550nm emission filters to measure the green-
emitted FAD autofluorescence over the entirety of each cell. The ‘green’ FAD 
autofluorescence in mouse eggs is almost exclusively derived from mitochondrial 
flavoproteins (Dumollard et al. 2007). Resting autofluorescence was recorded for a 
period of time before an inhibitor of lipid metabolism, etomoxir (100µM), was added 
to examine the subsequent effect on the resting redox state. Measurements were 
taken every 10 seconds and individual data sets were collected from each egg. It was 
found that there is a rapid and dramatic change in mitochondrial redox state when 
eggs are deprived of lipid metabolism at MII stage (Fig.7.3.1. (A)). Firstly, a 
decrease in FAD is seen (increase in reduced state FADH2), thought to be due to a 
sharply increased uptake of pyruvate. The signal oscillates before recovering to a 
new resting level. It is clear from these results that ß-oxidation is contributing to 
redox state in the mammalian egg, as a disruption is seen with etomoxir addition, but 
after etomoxir a new steady state is achieved at a more reduced level. Further 
support of this observation comes from measurement of FAD and NADH 
autofluorescence simultaneously. A decrease in FAD is accompanied by an increase 
in NADH when etomoxir is added, and the signal settles to a new redox level 
(Fig.7.3.1. (B)). 
Calibration of the FAD autofluorescence signal at MII stage was carried out by 
inducing maximum mitochondrial reduction and oxidation states. The ETC Complex 
IV inhibitor, CN
-
 is used to prevent the reduction of oxygen, causing maximal 
reduction of the mitochondrial FAD/FADH redox state. This is followed by a 
washing stage using a perfusion set-up, and then ETC uncoupler, FCCP is added to 
reverse the activity of ATP synthase, causing H
+
 movement from the inter-
membrane space into the mitochondrial matrix, causing it to become less negative, 
and causing maximum oxidation of FAD molecules (Fig.7.3.1. (C)). By doing this, it 
is shown that the resting redox state of an MII egg is ~50% of its maximum capacity. 
Adding etomoxir, it is clear that the resting state reached after etomoxir addition is 
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only a proportion of the normal resting rate of the egg redox state. ß-oxidation 
obviously provides a quantifiable contribution to the metabolic state of the 
unfertilised egg, shown here to be ~40% of the mitochondrial FAD/FADH redox 
state. It can also be shown that the majority of redox state contribution is in fact 
attributable to pyruvate oxidation by PDH. Pyruvate oxidation by PDH transfers 
protons to NAD, which in turn transfers protons to the ETC Complex I. Rotenone, is 
used as an inhibitor of Complex I, inhibiting transfer of any electrons formed from 
pyruvate metabolism. Rotenone, coupled with subsequent addition of CN
-
 can be 
used to investigate the extent of resting redox state for which pyruvate is responsible 
at the MII stage (Fig.7.3.1. (D)). Rotenone brings the FAD autofluorescence level 
down substantially, by ~60% of the resting metabolism and CN
-
 causes only a slight 
increase in this reduction. 
The response of the FAD and NADH autofluorescence signals to L-carnitine was 
also measured. 1mM L-carnitine was added to MII eggs, but there was no immediate 
response in redox state (Fig.7.3.1. (E)). FAD does appear to drift downwards while 
NADH remains constant. It is likely that eggs need incubating in L-carnitine for 
some while to see a difference in redox state. 
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Fig.7.3.1. Effects of Alteration of Metabolism on Mitochondrial 
Autofluorescence in MII Stage Mouse Eggs  
Traces of (A) Mitochondrial FAD autofluorescence signal in MII eggs treated 
with etomoxir (β-oxidation inhibition) (n=50), (B) FAD and NADH 
autofluorescence signal in MII eggs treated with etomoxir (n=3), (C) FAD 
autofluorescence signal in MII eggs treated with etomoxir, cyanide 
(maximum oxidation) and FCCP (maximum reduction) (n=19), (D) FAD 
autofluorescence signal in MII eggs treated with rotenone (Complex I 
inhibitor) and cyanide (n=4),  and (E) FAD autofluorescence in MII eggs 
treated with L-carnitine (β-oxidation promotion) (n=4). 
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FAD autofluorescence was measured with etomoxir addition at all developmental 
stages (Fig.7.3.2.). GV stage oocytes show a similar FAD response to etomoxir to 
that of MII eggs (A-B). Inhibition of lipid metabolism at embryonic stages after 
fertilisation demonstrates that β-oxidation is occurring at all stages throughout 
development, but the decreased response as development continues may indicate a 
lowered capacity for fatty acid metabolism at these stages (C-F). Measurement of a 
response at arrested embryo stages demonstrated that while arrested in development, 
these embryos are still metabolising their lipid stores (G-H). Despite their arrest, they 
remain alive, and certain cell processes are obviously still on-going. 
Normalisation of these graphs (see Chapter 2- section 2.7.1) allowed comparison of 
the area underneath the graphs, and thus a quantitative measure of the response to 
etomoxir at each stage (Fig.7.3.3.). It seems the change in redox state decreases as 
eggs and embryos develop from the GV stage through to the 4Cell stage, indicating a 
decrease in fatty acid contribution to the redox state as development continues. 
However, and increased response is seen at the 8Cell and blastocyst stages, 
suggesting β-oxidation becomes more prominent again. Results should be considered 
preliminary due to the fact that only one blastocyst was imaged. The embryos 
arrested at 2Cell stage have the same response as healthy 2Cell embryos, while the 
arrested 8Cell embryos appear to have a larger response. The large SEM seen here 
indicates that more samples are required, as results cannot be relied upon. They do, 
however, show that lipid metabolism is occurring and contributing to redox state at 
all stages, even when arrested in development, and that the oscillatory response is 
lost during development. 
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Fig.7.3.2. Effects of Alteration of Fatty Acid Metabolism on Mitochondrial 
Autofluorescence in Mouse Eggs and Early Embryos 
Traces of FAD autofluorescence in response to etomoxir addition (β-
oxidation inhibition) in (A) GV oocytes (n=17), (B) MII eggs (n=50), (C) 2Cell 
stage embryos (n=5), (D) 4Cell embryos (n=3), (E) 8Cell stage embryos 
(n=6), (F) blastocyst stage embryos (n=1), and arrested embryos at the (G) 
2Cell (n=2) and (H) 8Cell stage (n=3). 
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Fig.7.3.3. Effects of Alteration of Fatty Acid Metabolism on Mitochondrial 
Autofluorescence in Mouse Eggs and Early Embryos 
Bar chart of FAD autofluorescence response to etomoxir addition (β-
oxidation inhibition) in populations of GV oocytes (n=10), MII eggs (n=28), 
2Cell stage embryos (n=5), 4Cell embryos (n=3), 8Cell stage embryos (n=6), 
blastocyst stage embryos (n=1), and arrested embryos at the 2Cell (n=2) and 
8Cell stage (n=3). Mean values per population and SEMs shown. 
 
 
The effect of inhibition of β-oxidation on MMP was also investigated using 
conventional epifluorescence microscopy. TMRE is a positively-charged fluorescent 
dye that is sequestered into the mitochondria with their negative MMP, and its 
fluorescence is subsequently quenched. With etomoxir addition to both GV and MII 
eggs, a temporary decrease in fluorescence is seen, which suggests and an increased 
(more negative) MMP (Fig.7.3.4.). This suggests that the loss of fatty acid 
metabolism causes a temporary increase in the proton gradient across the 
mitochondrial membrane. However, the resting MMP is regained soon after. 
Addition of the protonophore FCCP then caused a complete loss of MMP which lead 
to a de-quenching of TMRE fluorescence maximally and hence a large increase in 
TMRE overall fluorescence (Fig.7.3.4.).  
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Fig.7.3.4. Effects of Alteration of Metabolism on Mitochondrial Membrane 
Potential in MII Stage Mouse Eggs  
Fluorescence imaging of the effects of etomoxir (β-oxidation inhibition) on 
fluorescent mitochondrial membrane potential dye TMRE in (A) GV oocytes 
(n=7), and (B) MII eggs (n=11). 
 
 
7.4. Effect of Alteration of Fatty Acid Metabolism on 
Mitochondrial ATP Production  
 
To further investigate the contribution of ß-oxidation to ATP production, luciferase 
RNA (derived from the click-beetle) and protein (from the firefly) were 
microinjected into eggs prior to etomoxir addition alongside luminescence imaging. 
Luciferase requires luciferin, magnesium and ATP to produce a luminescent signal, 
so changes in luminescence signal indicate changes in ATP production, provided the 
pH remains stable. 
MII eggs showed a decrease in ATP after etomoxir addition before a subsequent 
increase back to the previous resting level, and continuing to rise further (Fig.7.4.1. 
(A)). This is a similar response to that seen with FAD measurement, providing 
support for the idea of a partial recovery of metabolism by uptake of pyruvate. 
Addition of the pyruvate-uptake inhibitor, cinnmate (CIN), demonstrates a decrease 
in ATP when pyruvate is removed as a metabolic substrate. Subsequent addition of 
etomoxir sees a further decrease with maintained low level of ATP production when 
both pyruvate and fatty acid oxidation are inhibited (Fig.7.4.1. (B)). These results 
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provide further evidence that lipid metabolism is present in the mouse egg, and that 
inhibition of β-oxidation is compensated for by increased uptake of pyruvate, as 
resting ATP production is not regained after CIN addition. 
L-carnitine was added to cells prior to etomoxir, to see the effect promotion of β-
oxidation had on ATP production. It appeared that carnitine had no instantaneous 
effect on the level of ATP, possibly suggesting that incubation of eggs with carnitine 
is favourable for increased FA uptake (Fig.7.4.1. (C)). 
 
Under normal conditions, bursts of ATP are detected during in vitro maturation from 
the GV stage to the MII stage but the mechanisms of this are as yet unclear (Yu et al. 
2010). Etomoxir was added to maturing eggs in order to see the effect of inhibiting 
lipid metabolism on these mitochondrial episodes. The residuals of experimental 
signals (matured with etomoxir) against control eggs allowed to mature without 
etomoxir, and control oocytes held at GV stage in IBMX were plotted (Fig.7.4.1. 
(D)). Residual values are found with regression analysis, and show any deviations 
from the fitted curve, i.e. ATP bursts are shown as waves in (Fig.7.4.1. (D)- dark 
blue and magenta lines). It was found that inhibiting β-oxidation at this stage of 
development does not affect the ATP production, as bursts were seen in the 
experimental and control groups, compared to the population of oocytes not allowed 
to mature. However, most eggs did not fully mature to MII (36/40= 90% seemingly 
still at MI stage), suggesting that prevention of lipid metabolism prevented proper 
maturation as seen by Downs et al. (2009). 
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Fig.7.4.1. Effects of Alteration of Metabolism on Mitochondrial ATP 
production in MII Stage Mouse Eggs and during in vitro Maturation 
Luminescence imaging of change in ATP production in response to (A) 
etomoxir (β-oxidation inhibition) (n=12), (B) cinnamate (pyruvate-uptake 
inhibition) and etomoxir (n=13), (C) carnitine (β-oxidation promotion) and 
etomoxir (n=8), (D) etomoxir during IVM (n=40), compared to controls in 
IBMX (n=23) and with no etomoxir addition (n=20). 
 
 
7.5. Effect of Alteration of Fatty Acid Metabolism on Endoplasmic Reticulum 
 
The theory that exposure of eggs to high concentrations of saturated fatty acids 
causes ER stress was further investigated. The extent of Ca
2+
 release after addition of 
SERCA pump inhibitor, Thapsigargin, was measured in eggs matured with differing 
concentrations of FAs. Eggs were supplemented with 100µM OA, or between 100 
and 400µM PA overnight during IVM, as described by Wu et al. (2012) to be 
consistent with follicular fluid PA levels in normal and obese women. They were 
then injected with a 1:1 mix of Alexa 594 and OGBD. OGBD is a Ca
2+
-sensitive 
fluorescent dye and Alexa is not, thus changes in signal can be normalised by 
calculating the Alexa/OGBD ratio. Fluorescence signal was measured for a short 
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period to establish a resting signal before Thapsigargin was added to give a final 
concentration of 10µM. The following change in Ca
2+
 signal was measured for the 
next ~20mins, and the OGBD/Alexa signal ratio was plotted per egg. The area under 
each curve was calculated, and the mean extent of Ca
2+
 release per population of 
eggs was plotted in a bar chart as seen in Fig.7.5.1. (A). It is clear that the amount of 
Ca
2+
 released from SERCA pumps in response to thapsigargin differed depending on 
the FA present, and its concentration. Control eggs show a ‘normal’ Ca2+ response to 
thapsigargin; eggs supplemented with 100µM OA interestingly show an increased 
Ca
2+
 release, whereas eggs supplemented with PA release less Ca
2+
 from their ER, 
this reduction being significantly more marked in those supplemented with higher 
concentrations. 
 
The effect of high concentrations of PA on the immediate ER response was also 
investigated. 400µM PA has been shown to have negative effects on developmental 
potential (Jungheim et al. 2011a) and may be present in the follicular fluid of 
overweight women (Wu et al. 2012). GV oocytes were injected with OGBD and 
Alexa, and imaged on the epifluorescence microscope until a steady resting level of 
fluorescence was seen. A final concentration of 400µM PA was then added to the 
media, and the subsequent response was recorded. The ER stress response is 
characterised by a large increase in Ca
2+
 loss from the ER, as seen in response to 
Thapsigargin (Gwiazda et al.  2009). Fig. 7.5.1. (B) shows the instantaneous 
response of GV oocytes to PA addition: all eggs showed an initial decline in 
cytoplasmic Ca
2+
, 6/12 showed a following increase in Ca
2+
 loss from the ER, but 
only
 
3 of these had a marked response. The other 6/12 oocytes did not show an 
increase in cytoplasmic Ca
2+
, suggesting the effect of PA is perhaps not 
instantaneous, or higher concentrations are required for an immediate response.  
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Fig.7.5.1. Effects of Feeding Mouse Eggs with Fatty Acids on Ca2+ Release 
from the Endoplasmic Reticulum 
(A) Bar chart displaying the effects of incubation of eggs during IVM in 
100µM oleic acid (n=31), or 100µM (n=24), 250µM (n=18), 400µM (n=12), or 
700µM (n=12) palmitic acid on release of Ca2+ from ER SERCA pumps in 
response to thapsigargin addition, compared to controls (n=22). Data 
obtained from integrating areas under graphs of the change in fluorescence 
signal (ratio of Alexa/OGBD dyes) in response to thapsigargin. Mean values 
per population with SEM bars shown. (B) The instantaneous effect of 400µM 
PA addition on resting Ca2+ levels in GV oocytes (n=12).  
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In order to see the effect of FA metabolism inhibition on Ca
2+
 release from the ER, 
etomoxir was added to eggs (100µM final concentration) that had been injected with 
Ca
2+
 dye, Rhod Dextran. FAD autofluorescence was also measured alongside Ca
2+
 
fluorescence. An increase in Ca
2+
 is seen with etomoxir addition (Fig.7.5.2. (A)). 
However, after addition of Ca
2+
 ionophore, ionomycin, it is clear that this increase is 
negligible (Fig.7.5.2. (B)) and probably as a consequence of other etomoxir effects 
such as the ATP decrease seen in (Fig.7.4.1. (A)). 
 
FAD oscillations are normally seen to accompany Ca
2+
 transients at fertilisation, and 
these are stopped by Ca
2+
 chelator, BAPTA (Dumollard et al. 2004). However, 
etomoxir was found to have very little effect on the Ca
2+
 oscillations seen during egg 
activation, despite dampening FAD oscillations. Eggs were injected with Rhod 
Dextran and sperm factor PLCζ protein. They were imaged for FAD 
autofluorescence and Ca
2+ 
fluorescence, and their response to etomoxir addition was 
recorded. Inhibition of β-oxidation had a normal effect on the FAD trace, lowering 
the signal, but no effect on the transient spikes of Ca
2+
 typically seen in response to 
PLCζ (Fig.7.5.2. (C)). 
 
 
176 
 
 
Fig.7.5.2. Effects of Alteration of Fatty Acid Metabolism on Ca2+ Release from 
the Endoplasmic Reticulum 
Fluorescence imaging of (A) Effect of etomoxir on Ca2+ release from the ER 
(n=3), and (B) the effect of etomoxir on Ca2+ release from the ER in 
comparison to the effect of ionomycin on Ca2+ release from the ER (n=6), 
demonstrating negligibility of etomoxir effect. (C) Also negligible effect of 
etomoxir on Ca2+ release from the ER in response to PLCζ protein (sperm 
factor) injection (n=10). FAD responses measured in accompaniment to 
Rhod Dex response to show etomoxir addition. 
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7.6. Lipid Droplet Conformation after Feeding/Starvation 
 
CARS imaging has also been used to gain evidence of lipid metabolism in the 
mammalian egg. CARS stacks were performed on MII eggs under conditions of 
pyruvate starvation (in HKSOM devoid of pyruvate or lactate) where only lipid may 
be used as a substrate for metabolism, or inhibition of lipid metabolism (addition of 
etomoxir) where only pyruvate can be used. In eggs with inhibited lipid metabolism, 
there seemed to be very little difference in LD distribution compared to control MII 
eggs (Fig.7.6.1. (G)), as aggregates are seen. Conversely, LDs in pyruvate-starved 
eggs appear to be smaller and notably less aggregated than control MII eggs, 
dispersed throughout the whole cytoplasm (Fig.7.6.1. (F)), as would be expected if 
LD distribution pattern reflects metabolism of lipids as a substrate. Quantitative 
analysis of the LD spatial distribution further supports this hypothesis, as MII eggs 
starved of pyruvate and thus requiring lipid metabolism have aggregates mostly 
consisting of a small number of droplets (Fig.7.6.2. (A)), with a higher percentage 
(>70%) of isolated LDs than even seen in GV oocytes (Fig.3.2.4.). Simple t-test 
analysis demonstrates the extent of this difference (P= 0.00007). MII inhibition of 
lipid metabolism by addition of etomoxir yields a distribution of aggregates 
containing many droplets, and only ~40% isolated LDs, as previously seen in 
untreated MII eggs (Fig.7.6.2. (B)). This population of eggs, however, is found to 
have a significant difference in LD aggregation, as distinguished by a simple t-test 
(P= 0.003).  
 
The effect of lipid content of the surrounding media on intracellular LD 
characteristics was assessed by maturing GV oocytes to MII stage overnight in 
MEM medium containing either fatty acid-free BSA or FCS (with an abundance of 
fatty acids) and taking subsequent CARS images of eggs with a polar body. In fatty 
acid-free (FAF) media, the LDs appear to be well distributed (Fig.7.6.1. (H)), similar 
to that seen in pyruvate-free media. This is confirmed with aggregate analysis where 
71% of droplets are seen to be isolated (Fig.7.6.2. (C)), a significant difference 
demonstrated by a t-test (P= 0.016). Meanwhile, CARS images of serum-
supplemented eggs do not look different to normal MII eggs (Fig.7.6.1. (I)). 
However, quantitative analysis reveals a higher number of droplets is seen in serum-
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supplemented eggs, but not a significant increase in clusters (Fig.7.6.2. (D)) (P = 
0.229). 
Addition of L-carnitine appeared to have no effect on LD distribution (7.6.1. (J)). 
CARS images of MII eggs supplemented with carnitine have a similar LD 
distribution as normal MII eggs seen in Fig.3.2.1., and quantitative analysis reveals a 
similar aggregation pattern (Fig.7.6.2. (E)), with no significant differences (P= 0.09). 
 
 
 
Fig.7.6.1. DIC and CARS Imaging of Mouse Eggs after Alteration of Fatty Acid 
Metabolism 
(A-E) Single-plane (approximately equatorial) DIC images using a 1.27 NA 
water objective and a 1.4 NA oil condenser, and (F-J) Depth colour-coded 
images of CARS z-stacks at wavenumber 2850cm-1 through the same MII 
eggs, showing LDs in representative (A and F) pyruvate-starved eggs (n=8), 
(B and G) β-oxidation-inhibited eggs (100µM etomoxir) (n=6), (C and H) β-
oxidation-limited eggs (fatty-acid free media) (n=16), (D and I) high-fat-
supplemented eggs (serum-containing media) (n=5), and (E and J) β-
oxidation-promoted eggs (1mM L-carnitine) (n=7). 0.1x0.1µm xy pixel size; 
0.5µm z-step; 0.01ms pixel dwell time; ~14mW (~9mW) Pump (Stokes) 
power at the sample. Scale bars represent 10µm; colour bar shows depth 
colour-coding from -25µm-25µm of 101 z-stacks (0µm being the 
approximately equatorial plane of the egg), the brightness of each colour is 
the maximum intensity at each corresponding z-plane. Data from ≥2 trials, 
using 1-3 mice each. 
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Fig.7.6.2. Histograms of Lipid Droplet Aggregation in Mouse Eggs after 
Alteration of Fatty Acid Metabolism 
Histograms of the number of LDs making up clusters in MII eggs 
representative of (A) a pyruvate-starved egg (n=8), (B) a β-oxidation-
inhibited egg (etomoxir addition) (n=6), (C) a β-oxidation-limited egg (fatty-
acid free media) (n=16), (D) a high-fat-supplemented egg (serum-containing 
media) (n=5), and (E) a β-oxidation-promoted egg (L-carnitine addition) 
(n=7), demonstrating the difference seen in LD distribution under certain 
conditions. Total number of LDs and total number of un-clustered LDs are 
also indicated. 
 
 
Feeding cells with OA and PA revealed slight differences in LD distribution 
(Fig.7.6.3.). OA is said to be involved in TAG and LD formation, while PA has 
negative effects on cells, and is more likely to be metabolised than promote 
formation of LDs (Das et al. 2010). CARS images suggest an increase in LD 
formation with OA incubation, as generally more droplets are seen to fill the 
cytoplasm than in control conditions (Fig.7.6.3. (D)). PA addition appears to have no 
effect on LD distribution (Fig.7.6.3. (E) and (F)), but effects are likely to be at a 
more molecular level, like the effect on the ER shown in section 7.5. Unfortunately, 
no quantitative analysis of FA-supplemented oocytes was possible due to time 
constraints. 
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Fig.7.6.3. DIC and CARS Imaging of Mouse Eggs after Fatty Acid Feeding 
(A-C) Single-plane (approximately equatorial) DIC images using a 1.27 NA 
water objective and a 1.4 NA oil condenser, and (D-F) Depth colour-coded 
images of CARS z-stacks at wavenumber 2850cm-1 through the same MII 
eggs, showing LDs in representative (A and D) 100µM oleic acid- 
supplemented eggs (n=8), (B and E) 100µM palmitic acid-supplemented 
eggs (n=23), and (C and F) 250µM palmitic acid-supplemented eggs (n=28). 
0.1x0.1µm xy pixel size; 0.5µm z-step; 0.01ms pixel dwell time; ~14mW 
(~9mW) Pump (Stokes) power at the sample. Scale bars represent 10µm; 
colour bar shows depth colour-coding from -25µm-25µm of 101 z-stacks 
(0µm being the approximately equatorial plane of the egg), the brightness of 
each colour is the maximum intensity at each corresponding z-plane. Data 
from ≥2 trials, using 1-3 mice each. 
 
 
Comparison of √〈𝑠2〉 of GV (black square) and MII (red circle) eggs with 
supplemented or starved eggs gave more quantitative information as to the effect on 
LD distribution (Fig.7.6.4.). Pyruvate starvation (green triangle) demonstrates a low 
number of LDs, which are very dispersed, but not as isolated as in the random case 
(violet, yellow, and points), whereas inhibition of lipid metabolism with addition of 
etomoxir (dark blue triangle) causes the most aggregated LD distribution. Incubation 
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of eggs with fatty-acid laden serum (magenta triangle) yields a LD distribution 
which is less aggregated, more like GV oocytes. This serum-supplemented 
population also tend to have a higher total number of LDs, which is consistent with 
the observation of increased LD number with increased time in culture. FAF media 
(orange triangle) also caused a more ‘GV-like’ aggregation pattern, but compared to 
serum-supplemented eggs, these showed a ‘normal’ total number of LDs similar to 
that of GV oocytes. L-carnitine supplementation of MII eggs (cyan diamond) was 
expected to see an increased dispersion of LDs, instead displaying more LD 
aggregation than MII eggs, but these are still within SDs. 
 
 
 
Fig.7.6.4. Scatter plot of the Extent of Lipid Droplet Aggregation (√〈𝒔𝟐〉) in 
Mouse Eggs after Alteration of Fatty Acid Metabolism  
Scatter plot of the square root of the mean squared aggregate size (√〈𝑠2〉) 
against the total number of LDs, in ensembles of GV oocytes (n=33), MII 
eggs (n=30), MII eggs that were pyruvate-starved (PyrSt) (n=8), MII eggs 
with β-oxidation-inhibition (100µM etomoxir) (n=6), MII eggs high-fat-
supplemented eggs (FCS-containing media) (n=16), and MII eggs with 
limited β-oxidation (fatty acid-free media) (n=5). The distribution of each 
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variable in the corresponding ensemble is shown as an average (symbol) 
and standard deviation (bar). 
Mean LD diameter does not appear to differ greatly between conditions (Fig.7.6.5. 
(A)). LDs of eggs under conditions inducing larger amounts of lipid metabolism do 
not seem significantly smaller than those in normal or supplemented conditions. 
Furthermore, comparing the total lipid amount per LD (〈
𝑇𝐿
𝐿𝐷
〉) of supplemented or 
starved eggs with GV (black square) and MII (red circle) eggs shows that under most 
conditions, less lipid is seen per LD (Fig.7.6.5. (B)), apart from those in FAF media 
(orange triangle) which appears to have slightly more. However, all are within SDs 
of both GV and MII eggs, so are likely to be insignificant. 
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Fig.7.6.5. Scatter plots of LD Size and Total Lipid Content per LD (〈
𝑻𝑳
𝑳𝑫
〉) of 
Mouse Eggs after Alteration of Fatty Acid Metabolism 
(A) Scatter plots of the LD size and (B) total lipid content per LD (〈
𝑇𝐿
𝐿𝐷
〉) in populations 
of GV oocytes (n=33), MII eggs (=30), MII eggs starved of pyruvate (pyruvate-free 
media) (n=8), MII eggs with inhibited lipid metabolism (etomoxir addition) (n=6), MII 
eggs with promoted lipid metabolism (L-carnitine addition) (n=5), MII eggs matured 
with high fat supplementation (serum-containing media) (n=5), and MII eggs 
matured with limited lipid metabolism (fatty acid-free media) (n=16). The distribution 
of each variable in the corresponding ensemble is shown as a mean (symbol) and 
standard deviation (bar). 
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7.7. Discussion 
 
Mammalian oocytes, eggs and cleavage stage embryos rely almost exclusively upon the 
metabolism of pyruvate and FAs by their mitochondria for generating energy in the form of 
ATP (Acton et al. 2004; Dumollard et al. 2008). As described in Chapter 1, FAs stored as 
TAGs in LDs must be liberated in order to undergo metabolism by mitochondria, however 
the co-localisation of mitochondria and LDs is rather inconclusive. CARS and TPF 
images appear not to show direct correlation as channels do not appear to overlap 
with each other. However, it does seem to be made more apparent by running 
through a complete z-stack as shown in Fig.7.2.2.- that the two structures are 
somewhat associated. It is likely that LDs must be located fairly near to 
mitochondria, but that direct contact is not required. The action of lipases and 
carnitine, liberating and transporting fatty acids, occurs in the cytoplasm and it is 
likely that fatty acids from one LD are metabolised in multiple mitochondria within 
the surrounding vicinity. Mitochondrial and LD colocalisation has been described 
previously by fluorescence analysis, showing the organelles reside within 10nm of 
each other (Sturmey et al. 2006; Cui et al. 2009). Niu et al. (2014) describe loss of 
mitochondria with delipation of porcine oocytes, also suggesting colocalisation. 
However, Ambruosi et al. (2009) argue that LD position is not related to 
mitochondrial location, but to factors involved in cumulus expansion. Further work 
is required to investigate correlation of mitochondrial distributions associated with 
increased or decreased developmental competence such as that seen by Nagai et al. 
(2006), with LD spatial position. CARS and TPF images here show that not all LDs 
or mitochondria are associated with each other in both GV and MII eggs. This is 
likely to reflect the fact that oxidative phosphorylation is occurring, but not to an 
excessive extent, concurrent with Leese’s proposition of a quiet metabolism (2002; 
2007). 
 
The idea that the LD distribution reflects the amount of metabolic activity within the 
cell is supported by comparison of the CARS images and the extent of LD 
aggregation (√〈𝑠2〉 ) seen under different conditions of altered metabolism. Starving 
eggs of any external source of pyruvate or lipid, with media devoid of these 
supplements, forces the use of the internal lipid stores for ATP production. Under 
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these conditions, the LDs are seen to disperse, resulting in minimal clusters, and 
suggesting that this dispersion is in order to make lipid stores more available for 
fatty acid liberation and metabolism by mitochondria. It would be of interest to 
measure TPF of MitoGFP alongside starvation experiments, in order to investigate 
whether localisation of LDs correlates more with that of mitochondria in cases such 
as these. 
Conversely, inhibition of fatty acid metabolism from the internal lipid stores using 
etomoxir results in increased LD clustering. This observation supports the notion 
that LD clustering coincides with a reduced capacity for lipid metabolism, and 
further inhibition may lead to LD aggregate fusion, and larger LDs such as those 
seen in glycolytic blastocyst stage.  
L-carnitine works to increase the amount of fatty acid metabolism of internal stores, 
however there was no effect on LD distribution: normal amounts of clustering for 
MII stage eggs and no dispersion was seen. It is possible that while able to promote 
development by improving fatty acid uptake into mitochondria (Dunning and 
Robker, 2012; Dunning et al. 2010; 2011), it is not involved in the increased 
liberation of fatty acids from LDs. 
Supplementation of media with excess fatty acids increased the lipid stores 
externally available, meaning eggs were able to use internal fatty acids already 
stored, along with fatty acids taken up from the external environment for 
metabolism. No more clustering of LDs was seen with serum supplementation, but 
LD formation appeared to increase, with an increase in total LD number, concurrent 
with recent studies (Kim et al. 2001; Yang et al. 2010). This gives an interesting 
insight into the descriptions of LD formation, suggesting that further mechanisms of 
LD biogenesis are possible. 
Previous studies show that the amount of lipid in LDs decreases with increased lipid 
metabolism (Ghanem et al. 2014). While this is likely to be the case, the results 
shown here demonstrate that no significant changes in LD diameter or lipid amount 
are seen with the experimental conditions used. No decrease in LD size is seen in 
starved conditions, and no LD diameter increase is noted with supplemented 
conditions, only an increase in total LD number is observed in the serum-
supplemented population. Although giving a reasonable idea as to the content of 
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eggs, the 〈
𝑇𝐿
𝐿𝐷
〉 is only able to measure those contained in LDs as TAGs, giving off a 
detectable CARS signal. Discrepancies in lipid content may be due to the unseen or 
unmeasurable amounts of free fatty acids in the cytoplasm.  
 
A decrease in mitochondrial oxidation products is expected to correlate with a more 
positive MMP and thus an increase in fluorescence signal from the positively-
charged mitochondrial dye, TMRE. Inhibition of β-oxidation affected MMP at both 
GV and MII stages, showing an oscillatory response to loss of a metabolic substrate. 
There is a temporary hyperpolarisation of MMP which is eventually settled back to a 
resting MMP. Again, it is possible that this is reflective of an over-compensatory 
pyruvate uptake. The effect of etomoxir appeared to be larger at MII than at GV 
stage, and the MMP does not quite resume its previous level of polarisation. This 
may be indicative of a difference in the amount of fatty acid metabolism occurring at 
each meiotic stage, or may give an idea of the contribution of β-oxidation to the 
redox state of these cells. Although oxidative phosphorylation predominates at both 
stages, there is likely to be a difference, if only slight, between metabolic capacity of 
GV and MII eggs, due to the different responsibilities that face each developmental 
stage. 
The contribution of lipid metabolism to mouse egg mitochondrial redox state and 
ATP production is thus far unknown. Results here show that this contribution is 
substantial, however, mechanisms exist to compensate for loss of fatty acids as a 
substrate. Advantage was taken of the FAD/NADH autofluorescence as a measure of 
mitochondrial redox state (Dumollard et al. 2004, 2007; Igosheva et al. 2010), and 
was used to provide evidence for, and determine the contribution and significance of 
lipid metabolism occurring during mouse egg and embryo development. Addition of 
etomoxir to eggs and embryos of all developmental stages had a significant effect on 
FAD autofluorescence. The very fact that etomoxir changes FAD signals shows, for 
the first time, that β-oxidation is making a significant contribution to mitochondrial 
metabolism in mouse oocytes. Calibration of the FAD autofluorescence was 
performed by addition of CN
-
 and FCCP to maximally reduce and oxidise 
mitochondria, respectively. This enabled the resting redox state of GV and MII eggs 
to be visualised and calculated (~60%), and addition of etomoxir displayed the 
considerable contribution of fatty acid metabolism to this resting potential (~30-
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40%). There may be other minor substrate contributions that aren’t addressed here, 
such as amino acid metabolism, hence it is impossible to calculate the exact 
contributions of substrates to redox state. It still appears that the majority of redox 
potential is provided by the oxidation of pyruvate, as the addition of rotenone, 
calibrated by CN
-
 addition, caused a majority decrease in FAD autofluorescence. 
However, Hinke et al. (2007) describe a mechanism through which succinate (a 4-
carbon intermediate of the TCA cycle) bypasses metformin-induced Complex I 
inhibition in order to restore the ETC by transfer of e
-
 directly to Complex II. 
Metformin is a reversible inhibitor of Complex I, whereas rotenone action is 
irreversible and they act at different sites, so further investigation is required 
(Wheaton et al. 2014).  
Although calibration could not be performed at all stages of development, it seems 
β-oxidation is lower in some stages than others, due to the lesser response to 
etomoxir. These differences most likely reflect the amount of ß-oxidation occurring 
at different stages of development. In the GV, a larger relative change is seen while 
the MII response is smaller and slower to settle back to the new ‘resting’ redox 
potential. A less marked response is seen with etomoxir addition to embryo stages, 
possibly indicating that metabolism in general is quieter at these stages, or it may 
mean that these stages have a lower capacity for lipid metabolism. Indeed, Sturmey 
and Leese, (2003) show that ATP production is lower during cleavage stages, and 
increases at blastocyst stage, though increased ATP generation at blastocyst stage 
may be due to initiation of glycolysis. Harris et al. (2009) describe how pyruvate and 
O2 consumption increases as embryonic development continues, likely coupled with 
a decline in lipid metabolism.  
 
Although a loss of fatty acid metabolism is expected to result in a decreased FADH2 
production (and increase in FAD
++
), a rapid decrease in FAD autofluorescence signal 
is instead seen. This result is suggestive of an immediate increase in uptake of an 
alternative substrate in order to compensate for the loss of fatty acid as a source of 
metabolic energy. The response seen is rapid, but viable, as metabolic transitions 
occur very quickly; Romashko et al. (1998) noted redox oscillations in cardiac cells 
as a result absence of metabolic substrate, occurring in less than 6 seconds. Although 
L-carnitine had no effect on FAD autofluorescence or ATP production, this could 
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mean that a longer incubation is required to see the beneficial effects of this β-
oxidation promoter. Previous studies have used long incubations and L-carnitine 
supplementation during IVM (Dunning et al. 2011, 2010; Somfai et al. 2011; You et 
al. 2012). Inhibition of β-oxidation, however, also results in a decrease in 
mitochondrial ATP production. This effect is not lasting, and the resting rate of ATP 
is soon resumed, appearing to continue to increase past the usual resting level. This 
result also suggests a compensation mechanism of substrate uptake in order to 
maintain a viable level of ATP production. This may also support the finding that the 
ATP bursts seen during IVM are not under the influence of fatty acid oxidation, as 
addition of etomoxir has no effect. Due to the changes occurring over a long time, 
the instantaneous effect of loss of lipid metabolism may be lost, compensatory 
mechanisms allowing usual IVM events to take place. Although, it was found that 
90% of these eggs did not mature to MII stage in the time-frame usually allowed for 
maturation, suggesting a lack of β-oxidation slows maturation. This was indeed 
noted by Downs et al. (2009). 
It was shown that, if pyruvate uptake inhibitor CIN is added to cells prior to 
etomoxir addition, there was no resumption of resting ATP level; CIN caused a 
decrease in mitochondrial ATP production, and etomoxir caused an even further 
reduction. It is likely that pyruvate uptake is increased when cells are faced with loss 
of fatty acid oxidation contribution to mitochondrial metabolism, in order to 
maintain cell viability, but cell cycle timing may be compromised. This 
compensatory pyruvate uptake would explain the rapid response seen in FAD signals 
at all stages of development. Despite later developmental stages appearing to have a 
lesser response to loss of β-oxidation, and at no stage is the previous resting redox 
potential regained, there is an oscillatory FAD response seen in all traces, suggesting 
the initial resultant pyruvate uptake may be over-compensatory.   
Bryson et al. (1996) demonstrated that etomoxir inhibition of ß-oxidation causes an 
increase in PDH complex activity in different tissues in mouse, showing present 
results as concurrent with effects seen in differing cell systems. Interestingly, 
previous studies also show how inhibition of ETC Complex I, which accepts 
electrons from pyruvate oxidation-derived NADH, causes an increase in ß-
oxidation and mobilisation of TAGs from storage, in skeletal muscle and 
hepatocytes, respectively (Collier et al. 2006; Owen et al. 2000). O2 consumption is 
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also seen to continue in the absence of pyruvate as a substrate (Butcher et al. 1998). 
This points to a balance between pyruvate and fatty acid metabolism for optimal 
ATP production in various tissues, although we don’t see a recovery to resting ATP 
level after CIN addition in the mouse egg. It could be postulated that fatty acid 
uptake into the mitochondria is less rapid than that of pyruvate, in which case a 
recovery increase in luminescence signal may be seen if measured for longer. 
Although mouse eggs have a comparatively low lipid content to other species, 
oxidation of fatty acid yields a large amount of ATP (106 ATP molecules, 
compared to ~30 with pyruvate oxidation), providing an effective source of energy 
when necessary, and a small lipid store may suffice (Dunning et al. 2014b). On the 
other hand, it could be possible that metabolism of FAs is not essential for ATP 
production- we see that with inhibition of β-oxidation, the production of ATP is not 
compromised- resting ATP level is resumed, even to a higher level, assumed to be 
due to increased oxidation of pyruvate. As described, it is also noted that the resting 
ATP level is not regained after CIN addition, perhaps indicating that there is no 
compensatory uptake of FAs. This is a reasonable theory as it does not seem that 
either pyruvate or fatty acid alone can maintain the viability of mouse eggs and 
embryos. Previously-described long-term effects of ß-oxidation inhibition, while 
supporting the hypothesis that lipid metabolism is in fact occurring in the mouse 
oocyte and egg, prove that metabolism of pyruvate alone does not allow production 
of viable, healthy embryos to develop, so a balance between pyruvate and lipid 
metabolism may well be present (Dunning et al. 2010; Downs et al. 2009; Merrill et 
al. 2002). Excess pyruvate sees no increase in ATP (Dumollard et al. 2009), but 
leads to ROS production, alongside a build-up of acetyl coA and cytosolic reactions 
producing lactate, both of which generate ketone bodies detrimental to cell viability 
(Wu et al. 2000).  
Pig oocytes have been shown to survive on lipid alone, and bovine embryos cultured 
without pyruvate but with L-carnitine develop further than those simply without 
pyruvate (Sutton-McDowall et al. 2011). However, mouse eggs and embryos can 
also not survive on lipid only as a metabolic substrate. Pyruvate starvation of MII 
eggs leads to conversion of lactate to pyruvate, but lactate-derived pyruvate is not 
taken up into mitochondria and cannot contribute to ATP generation, and rather can 
be converted into ketone bodies (Dumollard et al. 2007, 2008, 2009; Collado-
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Fernandez et al. 2012). Starving eggs of pyruvate also causes inhibition of the egg-
activating Ca
2+
 oscillations which occur at fertilisation, and a decrease in ATP 
production, both of which can be rescued by excess pyruvate addition (Dumollard et 
al. 2004).  
The TCA isn’t fuelled by acetyl CoA alone. Intermediates of the TCA e.g. citrate, 
are transported out of the mitochondria into the cytosol, and pyruvate is also 
converted to oxaloacetate via pyruvate carboxylase, in order to maintain the cycle 
(Sugden and Holness, 2011). Metabolism of lipid alone would result in a dramatic 
reduction of oxaloacetate generation, leading to a build-up of acetyl CoA, again 
resulting ketone bodies.  
Detrimental effects of excess lipid metabolism in eggs and embryos has previously 
been described (see Chapter 5). Briefly, culture media supplemented with high free 
fatty acid concentrations reduces egg or embryo developmental competence (Van 
Hoeck et al. 2011; Kruip and Kemp, 1999). Obese mothers or those with a high fat 
diet tend to produce eggs or embryos with reduced potential, developmental effects, 
or live offspring with severe birth defects (Igosheva et al. 2010; Dunning et al. 2014; 
Turner and Robker, 2014; Wu et al. 2010; Van Hoeck et al. 2011; Robker et al. 
2009; Jungheim et al. 2011a, 2011b). This is likely to be due to the production of 
ROS as a result of lipotoxicity, inducing organelle damage and apoptotic pathways.  
It is clear that a balance between the two primary substrates is best for ATP 
generation and subsequent development. Turner et al. (1994) describe how an 
intermediate level of pyruvate is best for development. Negative effects upon egg 
and embryo development are also seen with both low and high concentrations of 
fatty acids (Grazul-Bilska et al. 2012; Kubandova et al 2014; Van Hoeck et al. 
2011). It is likely that both NADH derived from pyruvate oxidation, and FADH2 
from β-oxidation are required for generation of TCA intermediates for and proper 
ETC function. An intermediate level of both pyruvate and fatty acid metabolism is in 
agreement with the quiet embryo hypothesis, which suggests that an optimal 
threshold of metabolism is associated with maximal developmental competence 
(Leese, 2007, 2002). 
 
It is largely unknown why the mammalian egg or embryo doesn’t metabolise glucose 
in the initial stages of development. Glucose is present in the follicular fluid, and 
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glycolysis is performed in the cumulus cells, but it seems there are feedback 
mechanisms inhibiting the oocyte from performing glycolysis itself. Chatot et al. 
(1989) describe how glucose is inhibitory to mouse egg development. Methylglyoxal 
is a bi-product of glycolysis which is detrimental to embryo and oocyte development 
(Chang and Chan, 2010), so it is likely that glycolysis contributes to the decreased 
developmental quality of eggs or embryos with reduced fatty acid metabolism.  
MacDonald et al. (2003) describe how high citrate levels inhibit glycolysis through 
the inhibition of glycolytic intermediate phosphofructokinase (PFK). β-oxidation and 
pyruvate dehydrogenation lead to production of citrate. However, citrate is converted 
to malonyl coA which would usually inhibit CPT transport of fatty acids into the 
mitochondria, reducing the amount of fatty acid metabolism occurring. Mechanisms 
preventing this conversion of citrate to malonyl CoA must be switched off in oocytes 
and eggs, maintaining β-oxidation, but also maintaining a glycolysis block 
(Barbehenn et al. 1974; Weitlauf and Nieder, 1984). Hardie and Pan (2002) indeed 
describe the mechanisms of PRKA (AMP-activated protein kinase, formally known 
as AMPK), which phosphorylates and subsequently inactivates acetyl coA 
carboxylase (ACAC), which works to convert acetyl coA to malonyl coA. While 
citrate is shown to activate ACAC, PRKA prevents malonyl coA production, and 
thus is shown to lead to an increase in FA oxidation in immature mouse oocytes 
(Valsangkar and Downs, 2015; Hardie and Pan, 2002).  
MacDonald et al. (2003) also demonstrate citrate oscillations in β-cells, stating that 
the citrate profile parallels that of ATP production, and that the ATP/ADP and 
NAD/NADH ratios control citrate oscillations. Production of oxaloacetate for citrate 
synthesis is dependent on pyruvate carboxylase activation, enhanced by increased 
acetyl coA production, so it may be possible that oscillations in FAD seen in 
response to etomoxir reflect the oscillations of citrate in response to fluctuations of 
acetyl coA production (Sugden and Holness, 2011). 
Many previous studies have described a shift in glucose metabolism seen in response 
to inhibited β-oxidation (Sturmey and Leese, 2008; Hewitson and Leese, 1993; 
Merrill et al. 2002), suggesting an increase in alterative substrate metabolism for 
energy generation, or perhaps a lift in the block of glycolysis by reduction of citrate 
formation. This is an example of what is known as the Randle cycle, which describes 
a balance between lipid and glucose metabolism where β-oxidation governs 
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inhibition of glycolysis (Hue and Taegtmeyer, 2009; Randle et al. 1963). This 
glucose-fatty acid cycle may come into effect with inhibition of FA oxidation, and 
may explain mechanisms induced at the blastocyst stage, where glycolysis block is 
alleviated, but may also explain the balance in pyruvate and fatty acid metabolism 
observed.  
Glycolysis is initiated at blastocyst stage, but it is possible that the Warburg effect 
comes into play before blastocyst stage is reached. The Warburg effect is often seen 
in highly proliferative cells e.g. cancerous cells, when pyruvate is directed away 
from the TCA cycle in order to produce lactate, in order to support an elevation in 
glycolytic mechanisms. Fatty acid oxidation remains to maintain ATP generation 
from oxidative phosphorylation, ‘freeing up’ pyruvate for use elsewhere (Krisher 
and Prather, 2012). This could explain the increased response of blastocyst FAD 
autofluorescence to inhibited β-oxidation, but obviously more investigation into this 
area is required. 
 
While Dumollard et al. (2004) explain that Ca
2+ 
transients cause FAD oscillations, 
the dependence does not lie in both directions. There was no effect of inhibition of β-
oxidation on Ca
2+
 transients seen during egg activation by PLCζ. ATP is required for 
IP3 receptor Ca
2+
 release at fertilisation, but as previously shown, the decrease in 
ATP in response to etomoxir is only temporary, presumably because of a collateral 
increase in pyruvate uptake. Ca
2+ 
oscillations at egg activation occur over a long 
period of time, so the initial effect of etomoxir on Ca
2+
 is likely lost, while the 
dampened effect on FAD signal remains. It is shown that the effect of etomoxir on 
Ca
2+
 release from the ER is manifested in a very small increase, which is negligible 
compared to the larger effects of ionomycin. This small increase is potentially due to 
the temporary decrease of ATP production seen, but visible effects are not lasting.  
Despite the fact that there appears to be no effect of inhibiting FA metabolism on the 
normal ER functions and Ca
2+
 levels of the egg, there is found to be an effect seen 
with too much of the wrong type of FA. As previously described in Chapter 5, 
saturated FAs such as PA have negative effects on egg and embryo development 
(Nonogaki et al. 1994; Van Hoeck et al. 2011; 2013; Borradaille et al. 2006; 
Jungheim et al. 2011a; Valckx et al. 2014; Wu et al. 2012), whereas unsaturated FAs 
are predictive of increased developmental potential (Haggarty et al. 2006; Matorras 
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et al. 1998). OA in particular is described to reverse the negative effects of PA by 
stopping certain transcription responses to palmitate (Rutkowski et al. 2006; Das et 
al. 2010) and promoting TAG production and LD formation, decreasing lipotoxicity 
effects (Aardema et al. 2011, 2013; Cnop et al. 2001; Valckx et al. 2014). This 
increase in LD number was seen by CARS imaging of oocytes supplemented with 
OA during maturation. While no quantitative analysis was possible the time-frame in 
order to support this, there is certainly a potential to investigate this further. Addition 
of PA during IVM had no visible effects on LD distribution, but it is likely that the 
associated effects are on a more molecular level. 
Large doses of PA are known to cause a full ER stress response (Rutkowski et al. 
2006; Das et al. 2010), likely to lead to various other damage to the egg or embryo, 
henceforth reducing rates of fertilisation and blastocyst development (Sutton-
McDowall et al. 2016; Wu et al. 2012). Here, it is shown that feeding eggs with 
detrimental concentrations of PA has a negative effect on IP3 receptor Ca
2+
 release, 
this effect exaggerating with increasing concentrations of exposure, as would be seen 
in overweight or obese women. Whereas, feeding eggs with OA during IVM has a 
positive effect on IP3 receptor Ca
2+
 release, releasing more Ca
2+
 than in control eggs. 
Certain negative effects of excess fatty acid exposure, such as embryonic arrest, can 
be rescued by antioxidants, suggesting lipid peroxidation and ROS to blame. 
However, effects of PA cannot simply be rescued by antioxidant addition, indicating 
that PA uses a different mechanism to induce embryonic arrest (Nonogaki et al. 
1994). Zhang et al. (2012) show that BAPTA used to chelate Ca
2+
 in ER stress 
situations, significantly reduced PA-induced cell death. In the present study, it is 
suggested that this is likely to be due to the inhibition of SERCA pumps in the ER 
membrane, promoting Ca
2+
 release through IP3 receptors and preventing re-uptake of 
Ca
2+
 into the ER. This would also support findings of the instantaneous response of 
Ca
2+
 release from the ER with PA addition, although results here were inconsistent 
and require further investigation. 
It would be interesting to investigate this notion further. CARS has been previously 
used to image deuterium-labelled isotopic analogues of FAs where hydrogens are 
replaced with radioactive deuterium. The C-D bond has a vibrational resonance with 
a distinct CARS peak detectable independent of CH2 (Schie et al. 2013). CARS 
imaging of deuterium-labelled OA and PA would be interesting to demonstrate the 
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loss of lipid from LDs as well as the incorporation of FAs into LDs under different 
metabolic conditions. DiO is a fluorescent membrane dye known to stain continuous 
membranes within the cytoplasm such as the ER. Simultaneous CARS and TPF 
imaging of LDs and ER, respectively, alongside FA incubation would give more 
insight into the formation of LDs and the differences occurring with FA exposure. 
CARS imaging of newly-formed LDs may be resolution-limited, as these are likely 
to be small. 
 
In this chapter, it was found that FA metabolism contributes a substantial amount to 
the resting redox level in mammalian eggs and embryos. It appears that this 
metabolism is in balance with pyruvate as an alternative substrate, yet appears less 
significant in later embryo stages, when glycolysis becomes the main provider of 
ATP. LD distribution appears to reflect the level of FA metabolism occurring in the 
egg or embryo, with dispersion of LDs indicating an increased capacity for β-
oxidation, while an increase in LD clustering reflects a decrease in FA metabolism. 
The negative effects of PA previously described appear to be due to action at the ER 
SERCA pumps, affecting the Ca
2+
 storage of the cell, and hence promoting damage 
to other organelles. 
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Chapter 8. General Discussion 
 
8.1. Summary of Findings 
 
The view of this thesis was to establish CARS microscopy as a non-invasive 
technique of oocyte and embryo imaging, with chemically-specific and 3D imaging 
capabilities. The motivation behind this work is the requirement for clinical 
techniques of oocyte and embryo quality assessment that are more effective than 
current methods, and can be done in a way that does not harm the subsequent 
development of the egg or embryo. Also considered was the lack of in-depth 
investigation into the content of fatty acids as a vital metabolic substrate in mouse 
and human oocytes and embryos, and to what extent lipid metabolism is occurring in 
the mouse egg.  
 
8.1.1. CARS Microscopy as a Non-Invasive Tool for Oocyte, Egg and Embryo 
Assessment 
In Chapter 3, it was shown that CARS microscopy can be used as an effective tool to 
specifically assess the presence and distribution of LDs in cells across all stages of 
oocyte and pre-implantation embryo development. CARS was able to resolve 
individual droplets in live oocytes and embryos, unlike previous efforts of 
assessment also using multiphoton techniques (Watanabe et al. 2010). With the 
ability to visually assess CARS images, and quantitatively analyse the size, number 
and proximity of LDs, it was found that LD distribution changes significantly as the 
egg and embryo continues development. At the prophase-arrested GV stage, oocyte 
LDs are homogeneously dispersed throughout the cytoplasm, save for the GV itself. 
LDs at the MII stage, however, showed an increase in LD clustering. Although LD 
movement is known to occur, mainly dependent on the action of microtubules, the 
mechanisms and reasoning behind this phenomenon of LD aggregation was at first 
unclear. CARS images of mouse embryos after fertilisation demonstrated that after 
the 8Cell stage was reached, large, singular LDs became more apparent, and LDs of 
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the morula and blastocyst stages were much fewer and larger than the uniformly-
small LDs previously imaged. It was therefore postulated that this LD clustering 
occurs as a precursor to LD fusion. While LD fusion events are rare, it seems a likely 
explanation for the patterns seen in LD distribution and size. It would further 
understanding if the total volume of LDs in earlier embryo stages, then the total 
volume of LDs present in the blastocyst were analysed, to observe how much lipid is 
conserved or lost, or to examine whether fusion is likely. It would also be of interest 
to inhibit LD fusion by inhibition of Fsp27, or SNARE proteins in order to monitor 
how this affects morula and blastocyst LDs. 
It was found that the distribution and characteristics of LDs is somewhat reflective of 
the oocyte or embryo’s metabolic activity. It is known that glycolysis commences in 
the mouse embryo at blastocyst stage, and the fusion of LDs may be indicative of a 
decreased requirement for fatty acid metabolism at this stage of embryonic 
development. This idea was certainly supported by findings presented in Chapter 7, 
when starvation of MII eggs of pyruvate as a metabolic substrate caused a significant 
dispersion of LDs. Forcing the egg to metabolise its fatty acid stores for energy 
production appeared to require an increase in available LD surface area for FA 
liberation, suggesting a wide dispersion of LDs is an indication of prevalent β-
oxidation. Furthermore, inhibiting FA metabolism with the FA uptake inhibitor, 
etomoxir, caused a significant increase in LD clustering. It was apparent that when 
LDs are not supplying FAs for mitochondrial metabolism, LD aggregation is 
enforced. It would be interesting to investigate the surface area of aggregates 
compared to dispersed individual droplets in order to determine how much LD 
surface area is available, or conversely, unavailable, to mitochondria under such 
conditions. While this explanation for LD clustering and fusion is logical and likely, 
there is still some ambiguity as to the mechanisms responsible for clustering at the 
MII stage. Oxidative phosphorylation dominates metabolism at both GV and MII 
stages, however, the arrest at different stages of the meiotic cycle may require 
different metabolic processes. It is likely that further investigation is required.   
 
We were also able to show in Chapter 4 that this assessment of mouse egg and 
embryo LDs was in fact compatible with continued egg and embryonic development. 
Label-free imaging of oocytes with CARS before allowing them to mature in vitro 
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produced MII eggs, and imaging of freshly-fertilised zygotes allows continued 
development to the blastocyst stage. Despite the fact that CARS imaging of embryos 
at the 2Cell stage halted their development, this was attributed to the particular 
vulnerability of mouse embryos at this stage, where zygotic genome transcription is 
activated. Imaging embryos at the 4Cell stage allowed continued development. In 
humans, ZGA occurs at the 4Cell stage, so it is likely that CARS assessment of the 
earlier 2Cell stage is both more practical and more desirable. It is clear that further 
experiments are required to confirm the viability of these CARS-imaged eggs and 
embryos. Firstly, MII eggs which have undergone CARS assessment before or after 
maturation must have the ability to be fertilised and undergo embryonic 
development. Secondly, blastocysts derived from zygotes imaged with CARS must 
be implanted into surrogate mothers and develop to full term before CARS 
microscopy can be considered as a completely viable technique for in vitro egg or 
embryo assessment. 
In order for CARS to be used as a prospective tool of egg or embryo quality 
assessment, we must first distinguish which parameters or indicators of 
developmental potential can be assessed using CARS. Thus, it would be of interest 
to correlate parameters already available, such as total LD number, size and 
aggregation, as well as further parameters measurable, with existing measures of egg 
or embryo quality. It has been established that whilst a great deal of information can 
be obtained from scanning a full egg or embryo, this prior knowledge means that a 
quick CARS scan through a small portion of the egg or embryo can provide enough 
qualitative and quantitative information for an informed assessment to be made to 
the trained eye. 
 
8.1.2. CARS Microscopy as a Chemically-Specific Method of Oocyte, Egg and 
Embryo Assessment 
Further to the assessment of LD distribution, we have shown that CARS microscopy 
can be used as a chemically-specific tool to measure the amount and type of lipids 
present in mouse egg and embryo LDs. In Chapters 3 and 7, it was shown that the 
proportional relationship between the CARS signal at 2850cm
-1
 and the number of 
CH2 bonds in the focal volume allowed the calculation of the total amount of lipid 
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per LD present in different egg and embryo populations. Very little difference was 
seen between populations and conditions, giving interesting insight into the 
metabolic processes occurring at different developmental stages, or under different 
metabolic conditions. Even under circumstances where fatty acid metabolism was 
enforced e.g. under pyruvate-starved conditions, the smaller about of lipid measured 
per LD was an insignificant change. It could be postulated that the broad dispersion 
of LDs in this case means mobilisation of fewer FAs from each LD, as they are 
easily accessed by mitochondria throughout the cytoplasmic volume. Meanwhile, it 
may be possible that in cases where lipid metabolism is inhibited, there is no 
increased storage of FAs into LDs to accompany the LD clustering observed. 
In Chapter 5 it was demonstrated that CARS can also be used to investigate the 
chemical lipid content of LDs in developing eggs and embryos. Whereas previous 
studies into the lipid content of mammalian eggs has used destructive techniques 
which require a large number of cells (McEvoy et al. 2000), hyperspectral imaging 
allows the extraction of Raman spectra from different spatial positions within 
individual imaged eggs or embryos, allowing visualisation of the types of FAs 
making up the TAGs contained in LDs in a non-invasive yet chemically-specific 
manner. 
It was found that GV and MII eggs, 2Cell and morula-stage embryos all possessed 
LDs which contained a cocktail of poly-unsaturated FAs, distinguished by the peaks 
in their Raman spectra indicating a larger amount of chain disorder (2930cm
-1
) and 
double bonds (3010cm
-1
). This was compatible with the previous findings that 
unsaturated FAs are better for egg and embryo development (Aardema et al. 2011; 
Haggarty et al. 2006), and thus are more likely to be found in the developing 
egg/embryo. However, it was found that LDs of blastocyst embryos had differing FA 
content- some LDs gave a more PUFA Raman profile, whereas others gave profiles 
more indicative of saturated FAs. This was an interesting phenomenon, and while 
spatial positioning of LDs with differing composition did not appear to be of 
importance, it is possible that they are assigned different cellular responsibilities. 
Due to very low n numbers, it would be of interest to examine multiple LDs from 
multiple blastocyst embryos. Haggarty et al. (2006) describe that embryos with 
higher amounts of saturated FAs have a lesser capability of reaching blastocyst 
stage, thus hyperspectral CARS may be an effective method of non-invasively 
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assessing the chemical content of eggs and embryos, in order to give an indication of 
developmental potential. 
Also shown in Chapter 5 and Chapter 7 are the effects of feeding oocytes and 
embryos with unsaturated and saturated FAs. It is known that the presence of FFAs 
in the follicular fluid reflect diet, and that specific FAs e.g. saturated PA and 
unsaturated OA, are taken up into the ovary. Less is known about the FA 
accumulation of oocytes themselves, but it is clear that uptake occurs during 
maturation, and this is largely influenced by their environment (Leroy et al. 2014; 
Fair, 2003). It is known that PA in particular is a saturated FA which causes 
developmental harm to mammalian eggs and embryos, whereas OA is a mono-
unsaturated FA with positive effects on lipid storage and PA-induced cellular stress 
(Aardema et al. 2011). It was found in the present study that feeding oocytes with 
OA or PA was able to change their LD composition in the direction of MUFAs or 
saturated FAs, respectively. Eggs from women with a known high fat diet or obesity 
will have been exposed to detrimental high concentrations of FAs. It is potentially 
viable that eggs from such patients may be assessed for their actual lipid content 
using hyperspectral CARS, and subsequently may be exposed to tailored culture 
conditions which may improve the developmental potential of these oocytes.  
Another advantage of non-invasive lipid assessment is the potential to correlate lipid 
content with cryosurvival. Many ART clinics offer egg or embryo freezing in cases 
where embryo transfer is not immediately required. This cryopreservation is less 
effective in oocytes and embryos of species with higher lipid content, i.e. domestic 
animals, the higher lipid content conveying a lower tolerance to freezing (Wirtu et 
al. 2013; Takahashi et al. 2013). It is therefore possible that an assessment of 
cryosurvival could also be performed using CARS once effective parameters have 
been established, as a tool for optimising ART cycles. 
 
In Chapter 6 we were able to expose CARS microscopy as a superior method of 
chemical identification in oocytes and embryos. Fluorescent lipophilic stains 
conventionally used to investigate LD biology demonstrate many shortcomings that 
can be overcome by CARS imaging. Through the use of simultaneous CARS and 
TPF imaging of fluorescent dye-stained LDs, it was possible to investigate the lack 
of specificity and unpredictable staining patterns when using such dyes. It was found 
200 
 
that some of the LDs identified by CARS were not stained by the dyes, and other 
structures emitting fluorescence did not produce a CARS signal and were thus not 
LDs. We can be certain that CARS microscopy at the 2850cm
-1
 vibrational 
resonance will only image lipids present in the imaged cells, and thus we can trust 
that the lack of correlation between CARS and TPF signals can be attributed to the 
lack of fluorescent dye specificity and their inconsistent staining pattern. 
Furthermore, CARS imaging uses NIR wavelengths of light which is less damaging 
to cells than high intensity excitation wavelengths used in conventional fluorescence 
techniques. An additional benefit of CARS compared to fluorescence microscopy, 
certainly in ART applications, is its compatibility with live cell imaging, allowing 
continued development after imaging. Fluorescent techniques often require fixation 
of cells, and even those which can maintain cell viability cannot be used in clinical 
applications due to their invasive nature.   
 
8.1.3. Contribution of Lipid Metabolism to Mitochondrial Redox State in the Mouse 
Egg and Embryo 
In Chapter 7, the extent of lipid metabolism within the mouse egg and embryo was 
investigated, and the effects of altering lipid metabolism on ER and mitochondrial 
function was assessed through various assays. It is known that lipid metabolism is 
occurring in the mitochondria of the mouse egg and embryo, and that both increases 
(e.g. high fat diets and obesity) and decreases (e.g. chemical inhibition) in β-
oxidation are associated with a decline in developmental success, but the 
significance of this metabolic pathway was yet to be elucidated. 
 
While Dunning et al. (2010) demonstrated that they could measure FA oxidation in 
mouse eggs and embryos, they were not able to determine how much it contributes 
to overall FADH or ATP production. Taking advantage of the autofluorescence of 
FAD
++
 and NADH allowed investigation of the effects of FA oxidation inhibition on 
mitochondrial redox state throughout development and also enabled the contribution 
of FA metabolism to resting redox state to be measured in mouse oocytes for the first 
time. It was found that in GV and MII eggs, the metabolism of lipids is responsible 
for ~40% of the mitochondrial FAD
++
/FADH redox state, the other ~60% through 
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pyruvate oxidation and any other, minor metabolic substrates. Inhibiting this 
metabolism at various developmental stages and seeing the effect on the 
FAD
++
/FADH redox state gave insight into the level of FA metabolism occurring 
throughout embryonic development. At the GV and MII stages, an oscillatory 
response of FAD autofluorescence is seen with etomoxir addition, suggesting an 
over-compensatory uptake of pyruvate to account for the loss of FA as a substrate. 
This oscillation and pyruvate compensation suggests a balance between FA 
oxidation and pyruvate metabolism for maintenance of ATP level. Luminescence 
assays of ATP certainly showed that removal of FA as a substrate had a temporary 
effect on ATP production, a resting level shortly regained higher than the initial 
resting ATP. Again, this points towards an over-compensation of pyruvate uptake, 
supported by the fact that the previous ATP level was not regained after pyruvate 
uptake inhibition. Measurement of this effect on MMP shows that inhibition of FA 
oxidation leads to hyperpolarised (more negative) MMP, again in agreement that 
with increased substrate uptake i.e. pyruvate, the MMP is increased. The oscillations 
seen are indicative of the cyclical regulation of pyruvate and FA metabolism as 
discussed in Chapter 7. β-oxidation inhibition during embryonic stages, however, 
appeared to maintain this increased uptake of pyruvate, but lost the oscillation in 
FAD response, signifying a change in the level of metabolism occurring as 
development continues. This is suggestive of a decreased reliance on FA metabolism 
as a source of metabolic energy, as the embryo moves towards the glycolytic switch 
at blastocyst stage and corresponds to the LD aggregation and fusion patterns 
observed with CARS imaging at these developmental stages. This switch in 
metabolism is likely to see the decreased inhibition of glucose metabolism, in 
association with the lowered FA oxidation, as described by mechanisms in the 
Randle cycle (Hue and Taegtmeyer, 2009; Randle et al. 1963). 
 
Also investigated was the mechanisms of PA-induced ER stress. PA is known to 
cause a stress response in the ER, which in turn causes altered mitochondrial activity 
and production of ROS. This process is extremely detrimental to cellular organelles 
and processes, leading to apoptosis and decreased developmental success in oocytes 
and embryos (Sutton-McDowall et al. 2016; Wu et al. 2012), however, the 
mechanism through which PA induces this ER stress is as yet unclear. IVM of 
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oocytes with high concentrations of PA simulated the physiological levels of PA 
estimated by Wu et al. (2012) to reside in the follicular fluid of obese women, and 
concentrations known to cause altered metabolism and apoptosis in mammalian 
embryos (Wu et al. 2012; Jungheim et al. 2011). It is estimated that physiological 
follicular fluid PA concentrations of ~115µM exist in women of a moderate weight, 
while eggs of obese women may be exposed to up to 660µM PA (Wu et al. 2012), 
whereas Jungheim et al. (2011) found that exposure of embryos to PA 
concentrations of 250µM caused altered metabolism and long-term growth defects, 
both in the foetus and post-birth. In the current study, incubation of oocytes with 
100-400µM PA greatly reduced the Ca
2+
 release in response to SERCA pump 
inhibitor thapsigargin, providing understanding that the negative effects of PA are 
active through SERCA pump inhibition. This inhibition prevents the re-uptake of 
Ca
2+
 into the ER, thus the thapsigargin-induced Ca
2+
 release is lower, due to an 
emptier intracellular Ca
2+
 store. SERCA pump inhibition also elevates cytosolic Ca
2+
 
concentrations, which enters the mitochondria, increasing production of ROS and 
uncoupling oxidative phosphorylation (Wu et al. 2012).  
The relative spatial distribution of mitochondria and LDs was investigated using 
simultaneous CARS imaging of LDs and TPF imaging of mitochondria stained with 
a GFP. Although this method did not fully clarify the co-localisation of LDs and 
mitochondria, it did suggest that LDs are spatially available for mitochondrial 
metabolism of their liberated FAs. It has been previously shown that mitochondria 
and LDs within the pig oocyte reside within 10nm of each other (Sturmey et al., 
2006), and the LD protein perilipin 5 has been found to provide a mechanical linkage 
between LDs and mitochondria, though further investigation is required (Wang et al. 
2011a). 
 
8.1.4. Comparison of Mammalian Species 
The amount of lipid content and extent of lipid metabolism differs greatly between 
mammalian species, and study of these species leads to increased understanding of 
the processes occurring and how and why they differ. Domestic animals such as 
pigs, sheep and cows are often studied in order to optimise animal breeding 
programmes, required in farming technologies. Oocytes of rodents can be used as a 
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suitable model for human oocytes, as their cellular processes and development draw 
many parallels. This is particularly useful for the investigation into improving 
reproductive technologies such as IVF, without the ethical and legal issues arising 
with use of human tissue. Studies into the clinical success of ART using various 
experimental parameters allow the investigation into the competence of existing 
techniques, and variables which may affect achievement of subsequent pregnancy 
and live birth, such as the composition of follicular fluid or spent culture media. 
However human eggs, although the best species for investigation of ART success, 
are not readily available in large numbers or good quality- studies in human eggs are 
often performed on failed-fertilisation oocytes, which clearly have existing 
developmental difficulties. 
In this study, we were able to examine bovine eggs with CARS in the same way as 
mouse oocytes. Hyperspectral CARS imaging showed that, like in the mouse egg, 
bovine oocyte LDs are composed of mainly PUFAs. This suggests that these types of 
FAs are the most beneficial to the developing egg, and possibly indicating that 
PUFAs are more readily esterified into TAGs for storage in LDs. This supports the 
notion that saturated FFAs are more detrimental to the egg due to their presence in 
the cytoplasm, allowing accumulation of long-chain acyl-coAs, diacylglyerides 
(DAGs) and ceramides which activate alternative pathways and alter metabolic 
processes (Nolan and Larter, 2009; Turner and Robker, 2014).  
However, in contrast to mouse eggs, CARS images revealed bovine MII LDs to be 
larger than those observed in mouse oocytes (>1µm), varying in size, and spatially 
isolated with no obvious clustering. It appears that these differences signify the 
variations previously observed between mouse and bovine lipid metabolism. It is 
thought that those species whose eggs contain a larger amount of lipid, such as pigs 
and dogs, tend to rely further on FAs as a metabolic substrate. While this idea makes 
logical sense, it is unclear why eggs and embryos of these different species contain 
and use varying amounts of lipid. It is not, for example, solely eggs and embryos of 
ruminants which contain large droplets and large amounts of lipid metabolism. 
Rodents and humans are considerably different organisms, however their egg and 
embryo biology is comparatively similar. 
One of several considered factors responsible for this difference in mammalian 
reproductive cells is the litter size. For example, pig and dog oocytes which have 
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dark cytoplasms containing lots of lipid are polytocous (producing more than one 
offspring per birth). However, horse and minke whale oocytes also contain large 
amounts of lipid and are monotocous like the human. The mouse is also polytocous, 
and its oocytes have a clear cytoplasm containing fewer smaller LDs, like the human 
(Prates et al. 2014). Phylogenetic connections have also been suggested (Prates et al. 
2014), as both horse and pig are ungulates; however, cows, sheep, rodents and 
humans all belong to the chordate phylum and differences are still notable. It also 
doesn’t appear that oestrous cycles are responsible, for dogs are mono-oestrous, pigs 
and mice are poly-oestrous, and sheep and cattle show seasonal oestrous cycles. It 
could be that the amount of lipid metabolism and lipid content are purely species-
specific. 
Rates of embryonic development to blastocyst and the processes that occur during 
this time frame are relatively similar between species, but the events surrounding 
embryonic implantation into the uterine wall has also been suggested as a 
responsible motive for large lipid stores. The varying methods of embryo 
implantation are described by Lee and DeMayo (2004): dogs, pigs, cows and sheep 
undergo what is known as centric implantation, where the blastocyst fuses with the 
uterine wall without penetrating it; rodents exhibit eccentric implantation, where the 
uterine epithelium surrounds the embryo, while, humans undergo interstitial 
implantation, involving blastocyst invasion of the endometrial lining. While these 
variations are marked, it is unlikely that this has an effect on the metabolic processes 
prior to implantation. Regardless of the method of implantation, the blastocyst of all 
species will reach the maternal blood supply and thus their internal lipid reservoir is 
of lesser metabolic importance.  
The timing of embryonic implantation is a valid suggestion put forward. Bovine 
embryos do not implant until ~day 30 post-fertilisation, compared with attachment of 
dog and sheep blastocysts ~21-22 days, cats ~day 13, porcine embryos ~day 11, 
~day 6 in the human and ~day 4 in mouse (Prates et al. 2014; Lee and DeMayo, 
2004; Concannon et al. 2001; Giminez and Rodning, 2007; Schatten and 
Constantinescu, 2008; Tsutsui and Stabenfeldt, 1993). Incredibly, goat blastocysts do 
not implant until ~52 days post-fertilisation but their lipid content is thought to be 
intermediate, similar to that of sheep (Giminez and Rodning, 2007). It is possible 
that this prolonged pre-attachment time means that a higher amount of internal 
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metabolic substrate is required, in order for the embryo to survive a number of days 
before access to maternal sustenance. However, it is arguable that because glycolysis 
is switched on at blastocyst development, the lipid stores are required to a lesser 
capacity past this stage. 
Once implantation has occurred, there are further differences recorded, such as the 
fact that porcine embryos maintain their ICM for ~6-7 days after implantation, 
compared to ~1-3 days in mouse and human embryos (Oestrup et al. 2009). It is 
clear that the investigation into the differences between species metabolism must be 
furthered. 
It is possible that a balance of pyruvate and FA metabolism occurs in oocytes and 
embryos of other species. For example, pyruvate is included at 0.2mM in culture 
media for mouse and human eggs, whilst culture media for pig oocytes may contain 
2-5mM (Dumollard et al. 2009; Kikuchi et al. 2002). This appears to reflect the 
amount of lipid metabolism occurring in these species, and neither pyruvate 
concentration is compatible with the egg survival of the other species: 2-5mM is far 
too high for mouse or human egg survival, while 0.2mM pyruvate is insufficient for 
continued porcine egg development. The increased pyruvate metabolism appears to 
reflect the increased lipid metabolism, possibly to reduce the production of ROS if 
they were to solely rely on FAs as a source of ATP. 
It would therefore be of further interest to image eggs and embryos of multiple 
alternative mammalian species with CARS in order to improve understanding of 
lipid storage and metabolism. It would be interesting to compare the LD distribution 
of other cell types, and eggs or embryos of other species with known variations in 
lipid metabolism, with the information obtained in this study about the LD spatial 
patterning and the level of lipid metabolism present in the mouse egg or embryo. 
Ultimately, examination of human eggs with CARS microscopy would be invaluable 
for investigation into LD lipid composition and distribution, and perhaps the 
correlation of this information gained through CARS with increased or decreased 
development, or failed fertilisation.  
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8.2. Future Directions 
 
8.2.1. Limitations of this study 
The most notable limitation of this study is the limited quantification of lipids 
allowed by CARS. Although CARS is able to provide vast amounts of information 
as to the number of LDs, their aggregation patterns, and the amount and type of 
lipids present, it is not without its weaknesses. Calculation of 〈
𝑇𝐿
𝐿𝐷
〉 allows us to 
estimate the ‘amount of lipid per LD’ but we are not able to directly quantify the 
exact amount of lipid present in each LD. While the CARS signal is proportional to 
the number of chemical bonds present in the focal volume, no absolute number of 
CH2 bonds or indeed FAs are given. It is also not currently possible to specifically 
identify individual FAs present in LDs, as we are not able to delineate either chain 
length or location of double bonds within unsaturated chains. Furthermore, while it 
is assumed that lipids present in LDs are TAGs, this is not discernible, and it is thus 
far impossible to image the lipid monolayer surrounding LDs, the lipid bilayer 
comprising the cell membrane, or individual FAs within the cell cytoplasm. 
 
In the present study it was not possible to verify the concentrations of palmitic and 
oleic acid-BSA conjugates, and thus the amounts added to IVM environments. This 
may prove useful to further measure the effects of FA supplementation to eggs or 
embryos, before high fat diets are introduced. An additional limitation is the 
observation that thus far, there has been no quantification of later embryo-stage LDs, 
thus no direct comparison or statistical relevance can be determined. Only a portion 
of the egg or embryo was imaged throughout this study, which, while giving 
excellent insight into the LD number and distributions at different developmental 
stages, does not give a beneficial representation of the whole egg or embryo. Low n 
numbers in some experiments must also be increased in order to verify certain results 
observed in this study. 
 
There are also suggested weaknesses of mice as model organism. While eggs and 
embryos of the particular species used in this study mimic those of humans in 
multiple ways, use of an alternative species is often criticised.    
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8.2.2. Further investigations 
As already mentioned, the results of this project lend themselves to many further 
investigations into the use of CARS as a diagnostic tool for egg and embryo 
developmental potential. First, quantitative analysis of embryos must be optimised in 
order to investigate their lipid biology in the same capacity as the previous 
developmental stages. Information obtained using CARS must be correlated with 
embryo implantation and development to live birth. It must also be correlated with 
the multiple known markers of egg and embryo quality e.g. GV chromosome 
alignment, MII cytoplasm granularity, and embryonic cell apoptosis. It would be 
interesting to observe CARS imaging of oocytes from older women, which are 
proven to have chromosomal and mitochondrial abnormalities, likely impacting on 
their metabolic processes (Eichenlaub-Ritter et al. 2003, 2011; Wilding et al. 2001; 
Nagai et al. 2004). Mitochondrial transfer or nuclear transfer to a cytoplasm of a 
better quality oocyte are proven to improve developmental success, and aged eggs 
often have higher amounts of ROS and peroxidised FAs so assessment of their lipid 
metabolism would be of interest (Nagai et al. 2004; Craven et al. 2010; Bogliolo et 
al. 2013; Gioacchini et al 2014). 
As described, further comparison of mammalian oocytes and embryos are required to 
decipher the differences in lipid content and metabolism seen in such similar cellular 
models. Also required is the further investigation into how the ER, LDs and 
mitochondria interact, in order to shed light on LD formation and degradation. It is 
not clear whether Brownian motion of LDs may obscure results, thus it would be 
interesting to test whether the movement of LDs is facilitated passive, and whether 
there is an effect of temperature on their number or distribution. It is postulated that 
methods of LD regulation in mammalian oocytes and embryos, including autophagy- 
the degradation of intracellular vesicles through the action of lysosomes- may be 
upregulated in situations of cellular stress-response. Thus, in addition, a detailed 
study into how the oocyte or embryo regulates their lipid stores, and copes with 
stress would be valuable to increasing our understanding of these dynamic 
organelles. 
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8.2.3. The use of CARS Microscopy to Improve Human ART 
There is the potential for the use of CARS microscopy to improve current ART 
outcomes. The knowledge gained from investigating mouse embryos with CARS has 
greatly improved the understanding of lipid metabolism in a model species, and 
promises to broaden this knowledge with further investigation. 
Fertility problems frequently occur in obese women or those with a high fat diet, 
likely due to the metabolic alterations that occur with increased exposure of oocytes 
to excess FAs within the ovarian follicles (Leary et al. 2015). While factors such as 
body mass index (BMI) and follicular fluid FA composition can be indicators of an 
altered metabolism, BMI may not be a sufficient measure of a woman’s diet or body 
fat percentage. Follicular fluid gives a better indication of the conditions in which an 
oocyte has matured, but CARS can be used to look at the oocytes or embryos 
themselves, enabling informed quantitative analyses to be made on an individual egg 
or embryo basis. This also addresses the issues of analysis of metabolism as an 
embryo selection method. It is well-documented that an increased metabolism of 
FAs correlates with a decreased oocyte or embryo developmental competence (Wu 
et al. 2010; Jungheim et al. 2010; Igosheva et al. 2010; Van Hoeck et al. 2013). 
However, it is likely that eggs from individual women have variations within their 
own population, signifying that a method of analysis of individual oocytes is more 
necessary than analysis of the follicular fluid. 
It is certainly true that if CARS was to be used as a tool for improvement of ART, a 
set of parameters, i.e. not solely an analysis of their lipid content, must be established 
in order to identify oocytes or embryos of an increased developmental potential. 
Additional parameters revealed by this study to be identifiable through CARS, such 
as the LD distribution, size, number, composition, along with other measurable 
quantities, may allow an informed egg or embryo selection. While CARS may 
currently prove an expensive tool for such methods, it is possible that informed 
decisions may be made using only DIC, based on knowledge gained from further 
investigation into CARS and its applications in human embryo imaging. 
With lipid analysis of individual oocytes or embryos, there is the capacity to further 
improve the developmental success of cells deemed to have a lower quality, with 
specifically-tailored culture media. Suppression of β-oxidation in oocytes previously 
exposed to excess FA concentrations has been shown to restore their developmental 
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competence, likely through the reduction of ROS production (Van Hoeck et al. 
2013). Meanwhile, addition of L-carnitine has been shown to increase quality of 
oocytes from non-obese women (Dunning and Robker, 2012). Alternatively, as 
stated previously, the addition of PUFAs in embryo culture media may improve the 
quality of those exposed to damaging concentrations of saturated FAs. Thus, CARS 
may be able to identify multiple factors comprising the quality of an egg or embryo, 
allowing a system of specifically-designed culture media to benefit their further 
development.  
 
8.2.4. Concluding Remarks 
The increased understanding of oocyte and embryo cellular processes that promote 
or compromise the growth and development of the mammalian oocyte or embryo are 
vital in the improvement of ART. The expansion of such knowledge and the 
improved assessment of oocyte and embryo quality relies on the development of a 
more effective, non-invasive technique. This thesis brings to light some of the 
exciting capabilities of CARS microscopy as an imaging tool for label-free, and 
chemically-specific quantitative assessment of major metabolic processes within the 
mammalian egg or embryo. It provides an insight into the metabolic mechanisms 
occurring throughout mouse egg and embryo development, and promises the 
potential for CARS to expand upon this knowledge. There is an optimistic aspiration 
that CARS microscopy could have eventual successful application as a non-invasive, 
highly-quantitative method of egg and embryo quality assessment. 
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Appendices 
 
1. M199 (1L) 
14.7g   M199 Powder (Sigma) 
2.2g   Sodium Bicarbonate (Sigma) 
0.006g   Benzylpenicillin 
0.05g   Streptomycin Sulphate 
Up to 1L  Sterile water (Sigma) 
 
For oocyte collection, add: 
2.38g (10mM) HEPES 
 
For maturation (Chung et al. 1999), add: 
10%   FCS (Sigma) 
0.05U/μL   FSH (Sigma) 
1mg/ml   Estradiol in DMSO  
 
2. T6 (1L) 
1 vial (7.31g)  Tyrode’s Salts 
0.06g   Benzylpenicillin 
0.05g   Streptomycin Sulphate 
0.055g   Sodium Pyruvate (Sigma) 
2.106g   Sodium Bicarbonate (Sigma) 
3.5ml   Sodium Lactate syrup (Sigma) 
Up to 1L   Sterile water 
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3. MEM (1L) 
1 litre   MEM liquid (Sigma) or  
1 vial   MEM powder (Sigma) 
0.026g (0.23mM) Sodium Pyruvate (Sigma) 
0.35ml   Sodium Lactate syrup (Sigma) 
0.06g   Benzylpenicillin 
0.05g   Streptomycin Sulphate 
2.2g   Sodium Bicarbonate (if required) (Sigma) 
3mg/ml   BSA (Sigma) or  
5mg/ml   FCS 
up to 1L  Sterile water 
 
4. HKSOM 10x Stock (500ml) 
27.75g   Sodium Chloride  
0.925g   Potassium Chloride  
0.238g   Monopotassium Phosphate  
0.11g   Sodium Pyruvate (Sigma) 
0.73g  L-Glutamine  
0.25g   Streptomycin Sulphate  
0.315g   Benzylpenicillin  
0.019g  EDTA  
0.2465g  Magnesium Sulphate  
7.37ml   Sodium Lactate syrup (Sigma) 
1.68g   Sodium Bicarbonate (Sigma) 
0.05g   Phenol red 
23.8g   HEPES  
Up to 500ml Sterile water (Sigma) 
 
For use: 
7ml   Sterile water (Sigma) 
1ml   HKSOM 10x stock (Sigma) 
10µl (1.7M) Calcium Chloride  
10µl (0.2M)   Glucose  
10-30µl   Sodium Hydroxide (Sigma)  
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5. Program code used for Aggregate Analysis, calculating and plotting aggregate 
size and occurrence in a 3D volume 
 
// This script assigns a group index to points arranged within given distance from XYZ coordinates 
 
RL=0.3; // set the lateral resolution in um 
RA=0.6; // set the axial resolution in um 
 
L=1.5*sqrt(3); // set the distance value in resolution units 
 
worksheet -c gindex; //creates a column called gindex 
 
for (i=1;i<=%H!wks.nrows;i+=1){ 
 
%H_gindex[i]=0; 
 
}; 
 
 
for (i=1;i<=%H!wks.nrows;i+=1){ 
 
for (j=1;j<=%H!wks.nrows;j+=1){ 
 
dij=sqrt((((%H_X[i]-%H_X[j])/RL)^2)+(((%H_Y[i]-%H_Y[j])/RL)^2)+(((%H_Z[i]-
%H_Z[j])/RA)^2)) ; // calculate pair distances in resolution units  
 
if (dij>0 && dij<L){ 
 
indexi=%H_gindex[i]; 
indexj=%H_gindex[j]; 
 
if (indexi==0 && indexj==0){  
%H_gindex[i]=i ; 
%H_gindex[j]=i ; 
}; 
 
else { 
if (indexi!=0 && indexj==0) %H_gindex[j]=indexi ; 
else { 
if (indexj!=0 && indexi==0) %H_gindex[i]=indexj ; 
else { 
if (indexi!=indexj){  
 
for (k=1;k<=%H!wks.nrows;k+=1){ 
 
if (%H_gindex[k]==indexj) %H_gindex[k]=indexi; 
 
}; 
}; 
}; 
}; 
}; 
}; 
 
}; 
 
}; 
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6. Program code used for generating Random Distributions of 2000, 4000 or 6000 
‘droplets’ in a 50x50µm cube 
 
// this script creates a randon distribution of XYZ coordinates  
// over a given range and for a given number of points 
 
worksheet -c X; //creates a column called X; 
worksheet -c Y; //creates a column called Y; 
worksheet -c Z; //creates a column called Z; 
 
range=50; 
Npoints=2000 or 4000 or 6000 
 
for (i=1;i<=Npoints;i+=1){ 
 
%H_X[i]=rnd(0)*range; 
 
%H_Y[i]=rnd(0)*range; 
 
%H_Z[i]=rnd(0)*range; 
 
}; 
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7. Examples of @5000cm-1 images 
 
 
 
An image taken where there is no overlap of pump and Stokes beams (A) 
scaled to the CARS intensity, and (B) unscaled.  
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